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PREFACE

I
The extension phase of the Orbital Service Hodule (OSH) Systems Analysis Study

was conducted to further identify Power Extension Package (PEP) system con-
cepts which would increase the electrical power and mission duration

i capabllities of the Shuttle Orbiter. Use of solar array power to supplementthe Orbiter's fuel cell/cryogenic system will double the power available to

payloads and more than triple the allowable mission duration, thus greatly

improving the Orbiter's capabillty to support the payload needs of sortie mls-

sions (those in which the payload remains in the Orbiter).

To establish the technical and programnatlc basis for lnltlatlng hardware

development, the PEP concept definition has been refined, and the performance

I capability and the mlsslon utility of a reference design baseline have been

examined in depth. Design requirements and support criteria speolflcatlons

I have been documented, and essential Implementation plans have been prepared.
Supporting trade studies and a_._lyseshave been completed.

I The study report consists of 12 documents:

Volume I Executive Summary

I Volume 2 PEP Preliminary Design Definition

[ Volume 3 PEP Analysis and Tradeoffs ]

I Volume _ PEP Functional Specification

t= J

Volume 5 PEP Environmental Speolfloatlon

I Volume 6 PEP Product Assurance
Volume 7 PEP Logistics and Training Plan Requirements

I Volume 8 PEP Operations SupportVolume 9 PEP Design, Development, and Test Plans

Volume 10 PEP Project Plan

I Volume 11 PL. 'ost,Schedules, and Work Breakdo_m Structure Dictionary

Volume 12 PEP Data Item Descriptions

I
!
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Section I

I INTRODUCTION

I 1.1 PEP SYSTEM
The Power Extension Package (PEP) is a solar electrical power generating sys-

I tem to be used on the _huttle Orbiter to augment Its power capability and to
conserve fuel ceil cryogenic supplies, thereby increasing power available for

i paylcads and allowing increased mission duration. The Orbiter, supplemented byPEP, -an provide up to 15 kW continuous power to the payloads for missions of

up to q8 days duration.

I
When required for a sortie mission, PEP Is easily installed withln the Orbiter

I cargo bay as a mlsslon-dependent klt. When the operating orbit is reached, the
PEP solar array package Is deployed from the Orbiter by the remote manlpulator

system (RHS). The solar array Is then extended and oriented toward the sun,

I which it tracks using an integral sun sensorlglmbal system. The power gener-

ated by the array ls carried by cables on the RHS back "into the cargo bay,

I where it is processed and distributed by PEP to the Orblter load buses. After

the mission is completed, the array is retracted and restowed within the

I Orbiter for earth return.

Figure I-I shows the PEP system, which consists of two major assemblies -- the

I Array Deployment Assembly (ADA) and the Power Regulation and Control Assembly

(PRCA) -- plus the necessary interface klt. It is nominally installed at the

l forward end of the Orbiter above the tunnel but be located
bay Spacelab can

anywhere within the cargo bay if necessary. The ADA, which Is deployed,

I consists of two lightweight, foldable solar array wings with their containment
boxes and deployment masts, two diode assembly interconnect boxes, a sun

l tracker/control/instrumentatlon assembly, a two-axls gimbal/sllp ring assem-. bly, and the RHS grapple fixture. All these Item_ are mounted to a support

structure that interfaces wlth the Orbiter. The PRCA, which remains in the

I Orbiter cargo bay, consists of six pulse width modulated voltage regulators

mounted to three cold plates, three shunt regulators to protect the Orbiter

]
• _. 1
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Figure 1-1. PEP Synem

buses from overvoltage, and a power distribution and control box, all mounted

to a support beam that interfaces with the Orblter.

PEP is compatible with all currently defined missions and payloads and 1reposes

mlnimal weight and volume penalties on these missions. It can be installed and

removed as needed at the launch site wlthln the normal Orblter turnaround

cycle.

1.2 PEP ANALYSIS AND TRADEOFFTASKS

Thls document summarizes the objectives, conclusions and approach to the

accomplishment of the 19 specific design and analysis activities which were

defined as Task 2.0 of the OSHstudy extension. In addition, It lneludes sum-

maries of several additional tasks whleh were assigned to NDACas actlon items

during the course of the study.

.[
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Section 2

• I PEP ANALYSIS AND TRADEOF'FTASKS

I 2.1 CLEARANCEA_L_LYSIS
This task consisted of the study of clearances of the PEP, (1) in its stowed

I form and position inside the orbiter bay and (2) In its deployed operationalorientations as positioned by the RMS.
i

I 1.1 PEP Stowed Position Clearances
2.

Ob_eetive

_.- The objective of this analysis was to determine the effects on the original f

PEP concept geometry from dual BMS envelope constraints, Orbiter dynamic :

-- deflections and Spaeelab component envelopes. A further objective was to :

• define an allovable dynamic envelope for PEP based on these lnstallattcrJ con-

._ stderattons.

Conclusions

"" The analysis showed that the orlglnally selected SEPS geometry array box could

• not be Installed transversely across the Orbiter bay and malntaln clearances

-- with both the port and starboard orbiter RHS envelopes. Also shown was that a

further reduction In slze would be necessary _f it was necessary to restrict

._ the array box to the nominal Orbiter payload 90-1neh radius envelope. It was

cuncluded that the array could, from a practical standpoint, violate that

90-inch constraint utlllzing a void that results from the _S Installatlon

: itself. The R_sulttng Array box length was reduced from the SEPS 159.0_ inch

size _o 152.8 inch. This length is based on fixing the array box with respect

" to the starboard sldewa11 of the Orblter and being compatible wlth PEP

- deflections and the worst case Orbiter sidewall deflections for any position

•- of PEP within the Orbiter bay.

Approach

The groundrules require the ADA.portton of PEP to be capable of Installation

at any longitudinal location in the orblter payload bay. The most constraining

" case and Its prlnclpal forecast use is wlth Spacelab In lts short tunnel

• - 3
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• configuration with both elements of PEP Installed over the tunnel between the

Spacelab module and the external airlock. Examination of the Spacelab module

and the atrloek showed that the princlpr: clearance requirement was for hand-

rails on those elements.!
)

:: The ADA element of PEP Is situated over the tunnel and lts principal support

point on the Orbiter sidewall lies between those of the tunnel. The PEP struc-

tural support concept is strongly Influenced by its position over the tunnel.

To provide lateral support in the bay, PEP required elther a mechanism that

would reach arouno the tunnel to the keel area where payload yaw loads are

normally reacted or direct hard mounting to one atdewll of the Orbiter. To

reach the keel area for yaw support, a mechanism would be required that would

have to be carefully threaded through the tunnel support structure and

inserted Into the keel fitting under the tunnel or would have to be segmented

so as to lnstall part of it prior to tunnel Installation and part of it after

tunnel installation. Neither approach was considered acceptable. Since the AINt

element and the PRCA element are Individually of low weight (approximately

1000 lbs. each) their load input into the Orbiter sidewall (for a sidewall

fixed c-:,cept) would not exceed the trunnion friction load that occurs with a

maxlmtm_ weight payload in a normal Installation mode.

A secondary Influence on the PEP envelope and clearance requirements Is that a

$pacelab mission is possible with only pallet elements In which case the ADA

would have to be installed above a pallet. The impact of this was the decision

to place the ADA trunnion location 6 inches higher than normal payload loca-

tion and to use custom lightweight support fittings to fit this geometry.

The clearances and the resultant PEP allowable dynamic envelope result from

very preliminary deflection data and non-preclslon analyses. The PEP envelope

must be iterated at a future date when flrm orbiter deflectlons are deflned.

This study utilized orbiter sidewall deflection data from a preliminary memo-

randum on that topic prepared In 1977 and arbitrarily assumed some companion

sl,lewall angular rotations. These deflections were used to estlmate the

dynamic excursions of the _S envelope between (port and starboard) which the

PEP is installed. The worst case combined sidemlZ inward deflections from

the preliminary data was 4._B inches. The sidewall (longeron) angular

rotation was assumed to be 2 degrees (1 degree from sidewall deflection and 1
L

!

t
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degree from local payload loading) which resulted In further RMSexcursions of
4

1.26 inches per side. An add increment of excursion into the PEP envelope

:- region was a 1.0 inch increase in the width of the _S dynamic envelope due to

a_ PEP wire installationson the side of the llqS.

J Results

Thls study analysis resulted in the PEP allowable dynamic envelope defined In
qr-

i Figure 2.1-I and the establishment of a maxlmum length array box of 152.8
inches. The analysis also established the PEP centerllne installatlon offset

of 2.2q inches. These dimensions and offsets will require future verification

i when firm Orbiter deflection data is available.

Xo,7.o,,..,ml.5_,4..8' _ NOTES:
, 1. THE ENVELOPE SIN)WN DOES NOT INCLUOE TRUNNION INTERFACE WITH

--A '- a _c THE O.mTE,. IN SECT C..C T_U_.|O_ INTERFACE MUST OCCUR ._OV_

7 "T 7 STATION F.4 419 OR OUTSIDE OF THE EXTENSION OF THE IlOfl BELOW

j -- - 2. THE LIMIT STATIONS X O 748.8. X0 001.8 AND X0 091.6 ARE CLEARANCES
FROM HANDRAILS ON THE SPACELAB TUNNEL AND AIRLOCK

RESPECTIVELY.

1 -Z o 400.0- 3. THE LIMIT STATION Z o 429 IS BASED ON , 'JNNEL AND

j. '--EL..T..----

,.LIMIT--TION. . --0 ON',L-- CLEAR--.
_ tlWT STATION _ 636 IS _EO ON _U AND EVA ENVELOPE CLEARANCE.

iS. LIMIT STATION Zo 414 BASED ON IGLOO CLEARANCE.

1.9

I

I =__,\ .-,_,,I
__ . I ,____-Zo,14,z._o_.......

l

v o.o VoO.O
SECT A.A SECT B.B

Figure 2.1-1. PEP Symm Stowed I_imum Oy_m_ Enwlolw

2.1.2 PEP DeployedlOperatlonalPosition Clearances

Objective

The purpose of this analysis was to determine clearances between the PEP solar

array wings and the Orbiter external surfaces to establish the practicality of

holding the PEP array in its operatlonal positions with the Orbiter F_4S,

S

" "" _' MCDONNELL OOU _

• " " _";*_ "t'"" " _"
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Conclusions

, The analyals of the PEP solar array rings in various deplcyed positions around

the Orbiter using the Orbiter's RI4$ to posltlon array showed sufficiently

large clearances l_om the Orblter body to have a I_LEh eon£1denee level that

safe use Ln any of these positions Ls possible.

• Approach

This analysts was accomplished aa a combination graphics and calculation task.

The baste analysis was done for PEP array positions at the rectaltnearly oar-

dins1 positions, overhead, off-the-wing, over-the-nose, and under-the-belly.

These posLtions were then inspected for Orblter ske_-d attitudes. The geometry

of the array, the position of the El(S/PEP Interface and the array beta angles

were derived from the PEP reference configuration.

Reaults

The resulting clearances stmbm in Figure 2.1-2 are for the PEP reference

contLguration, VarlatLons of the PEP studLed offer only --all dimensional

changes that would affect thLs clearance study and would not alter the conclu-

sions.

Figure_,1-_ PEPCkmrlwee- Deployed -"

_- 6 .o
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There are two basle under-belly positions. Namely, with the /_lS upper arm seg-

ment oriented forward along the orblter nose, as shown In Figure 2. 1-2, and

with that arm segment oriented laterally toward the wlngtlp. Due to the i_!8

* shoulder axls being canted outboard by approximately 20 degrees, reposlLtontng

. the upper arm /Yore the nose position to the o££-wzng position would increase

,. the under-belly clearance.

• cull orbital attltude requirements o£ the Orblter for various mlsalon_ must be

" examined in depth. For simple POP, solar tnertlal or earth oriented attitudes,

-- there is adequate clearances, however, further analysis is required if arbl-

• trary attitudes o£ the Orbiter with large orbital skewed angles are to be

desired. The clearances shown in Figure 2. 1-2 represent static conditions.

De£1eetlons resulting t_om dynamle de£1eetlons o£ the MS and the array sus-w

pension system must be subtracted £rom the dimensions shown. The maximum array

tip de£1eetton is calculated to be 7.3 £t (2.2N) due to VRCS plume impinge-

ment. This tlp de£1ectton would reduce the underbelly clearance hy 5. q7 £t

" (1.66H), but a clearance o£ 5.6 £t (1.7N) would remain under worst-case condi-

tions.

2.2 BRIDGE FITTINGS

Objectives4.

Select and define means of supportlng In the payload bay both the Array

Deployment Assembly (ADA) and the Power Regulation and Control /L_sembly

(PRCA). Prepare a prell_inary deslgn of lightweight custom bridge fittings.

Investigate fea3iblllty of common PEP/Spaoelab/Tunnel brJdge flttln_s. Verify

Orbiter structural load compatlblllty conslderlng comblned loads.

Conclusions and Recommendations

At the baseline location, the ADA forward support must share a bridge with the

two Spaeelab tunnel SUFPort trunntona. Either the speotal lightweight bridge

" design developed £or the tunnel must be redesigned to incorporate provisions

foe ADA Support fittings or the tunnel and ADA can share a standard Orbiter

i" Bridge.

Because the only available location for PRCA cross-bay beam Is adjacent to the

Remote Manipulator System (RH$) base where no payload attach provisions exist,

a special lightweight bridge with Integral attach fittings is recommended.

T"

- 7
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Loading magnitude of both the ADA and PRCA are sufficiently low to permit the

¥ axis load. Q to be reacted by the longeroq brid_es, negating tile need forO

keel bridges. The combined loads of tke ADA and the _pacelab tunnel are below

-" the _llowabie loads for 8 standard Orbiter bridile fitting.

Assumptions

S_acelab module conflg'aration and location were taken from IC_ 2-05101 and

Spacelab tunnel support lo¢_.tions and detail were from 14DACDr_ing !I)21326

"Layout, Struts." Load fact_)rs were from JSC 07700. Vol. XTV. Bridge loading

cupabili'.ies were t_om ICD 2-19001.

Approach

Standard Orbiter brtdge_ and custom lightweight bridges were ev_u_ted, Bridge

loading For critical fligh', conditions were determined and combined with all

other known payload elements, using the bridges, Fo.- the Orbiter bridges,

these loadings were then compared wi_h the bridge capabilities.

Results

Figure 2.2-I illustrates the current design of the lightweight bridge fitting

to be used to mount the Spacelab short tunnel. Thls bridge fitting weighs 31

pounds and is a custom deslgn, fabricated from 7075 aluminum, has bui!t-ln

nals, and used only to support the two tunnel trunnlons (2 trunnlons each

Je, total of ll). This bridge fi ttng can be modified as shown :_) accept a

)lt-on track and the custom retention latch to support the ADA trunnion. With

this modification, the weight of the bridge fitting and track will be 3_.5

pounds. Figurp 2.2-2 Illustrates the standard Orbiter brldge fitting that can

be used to support both ADA and short tunnel. This bridge Is fahricated of

titanium and weighs 55 pounds. If standard Orbiter fixed Journals were used in

combination with the bridge, they would add an additional 40 pounds per side.

Therefore, if the tunnel custom bridge fitting with modification is used for

the ADA support, the total weight for the two bridge fittings and tunnel jour-

nals is 69 pounds. If the standard Orbiter bridge with standard journals !s

used, the total comparable weight t,- 190 pounds. The significant t_ems of this

total are the four 20 pounds standard Journals. Rede.-._n of these _ournals to

reduce weight is possible; however, It appears to be .more cost and weight

effective to modify and use the existing lightweight bridge fitting destgn

with the Integral Journals.

g
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Figure 2.2-3 Illustrates the design of the oustoa _rldge f_ttlng to support

the PRCA. The fittlnE Is fabricated of 7075 alunlnum, It has integral Journals

which can withstand both radial and thrust loads and the weLght Is 15 pounds.

Figure 2.2-_ Illustrates the standard Orb;ter bridge flttlng In the area of

the PRCAsupport trunnlons. Because of the presence of the I_S mounttns base,

the structural attachment of the PRCAmust he moved down and inboard from the

standard trunnion loo_tlons. II; can be seen that the standard bridge is out

away to clear the !_4Smount. It was found that the standard brldge oould not

be used In combination with the PRCAbasellne oonflguratlons. In addition, the

standard bridge is fabricated of tttanlum and weighs _5 pounds.

' NOTE: USESTANDARD ORBITER BRIDGE AI"rPCH HARDWARE
TO SECURECUSTOMBRIDGE TO ORBITt-R AT

xos4s.0=o40e_
•'<ous:sz.o_
xom.0 Zo_m.Ts

MACHINED FROM 7075 At.. 1.0PLATE STOCK

r- -- _,Yo10S
ATTACHEDTOSIDE

/ OFORBITERATLONGERON "1
t , L

i
/_'_- _IUBIBER FORYo LOAD -',- t.

'_..... . : / _1 ST.aUBULITV _;-'_ _,]..... -, _u) _ -- --_Yo 94.0R

xom'SXom.O xoo05.as xo057.s
Zo4_°°---7_-._ _ ---.-...._-. e,On'AO,Zo_10"O-._--_..-

zo . . - yo_xoof4., xoGm.0

#

Figu:': 2.2-3. Custom Lightweight Bridlw Fittino
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2.3 SILL LATCHES

Objectives
The objectives of this task are: to verify the definition and availability o£

I emotely operated payload retention latches for PEP Array Deployment. kssembly
(ADA) and to provide interface definition for payload retention latches.

I Conclusions and RecomJ_,endatton_-

The use of standard Orbiter payload retention latches is not an acceptable

method of support and retention for the ADA because o£ size, weight and trun-
nion elevation. Development of a custom lightweight retention latch, using a

I standard bridge fitting and electrical interface Is recommended.

Approach

I The Phase A study baseline configuration uttllzed a four trunnion support for

the ADA. The concept shared the short tunnel bridge ftttlngs with the ADA

retention latches nested between the tunnel trunnion locations. Further inves-
tigation has shown that this solution did not provide adequate space for

standard retention provisions plus the weight of the standard retention

11
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latches was prohibitive when compared to the weight oC the PEP system. A rear-

rangement of the support provisions for the ADA was undertaken and a new

design prepared _htch provides the features of lightweight, adequate space and

flexibility in location of the _DA In the cargo bay.

Results

• The basellne ,etentton provisions for PEP are Illustrated by Flgure 2.3-1. The

ADA support uses three trunnlons, two on the rlght slde and one on the let_

side. Both forward trunnlona are at Station X 715 and the aft trumnlon Is ato
Station X 758.3. The elevation of each trunnlon ls Z _20. The forward reten-

O O ,

Lion latches share the bridge fittings, on both sldes, with the short tunnel.

The arc retention latch shares the brldge flttlng on the rlght side with the

Spacelab. A flttlng to react PEP lateral (Y) loads Is also _nstalled on theo
forward bridge fitting on the right hand slde.

It was found that for an all pallet configuration of Spaeelab the ADA must be

mounted above a standard pallet. In order to accomplish thls, the support

trunnion elevation must be raised to Z 1120 to prevent Interference with theo
pallet sills. The current basellne design allows the ADA to be mounted over

1712 LBS
LqMJD6 A

. .. qj

/ ) ,,,,_, EL

RETENTION LATCHES 7 FIND$iTIONING
(TUNNE U (TUNNEL| / _SPRING

eoe.: 74:.s / / (SPACeLAt)
c_cA, (PnC.) I (ADA)(Y..ADAIJ (ADA) / XoI01-6

XO O&_L§ X_3WT.§ I Xo716 _. I _711L3J / J • MAX REATION

I ". I_A I rJ_PLI]] _ o_ Lo,m_r,oooLusI I o O, o

XO_ BOTH SIDES .\ b.FOORBITER BRi_E FITY,I_ / I_

VIEW A.A

F_m 2._kl. PEPRetentionPro_o_,$
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payload pallets at any X locatt¢'l in the bay which ls compatible with the
O

payload and i_lS reach limit. Figure, 2.3-2 illustrates the ADA mounted over the

Spaeelab pallet. Figure 2.3-3 t11_etrates PEP mounting £1exlblllty which may

, be used for Orbiter CG adjustment,

BASELINE
LOCATION /

AIRLOCK Xo715 ADA Zo400 //

MODJL." MISSION
LIMIT OF
RIMSREACH /

PRC4 Xo117_ ,,/
• _,.e_ ADA

.... / ¢ORWARL_ / AFT
/

PALL='_"'_ISSiON

Figure2.3-3. PEPIntqration Flexibility _
m

_- 13 ;

L
m
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The standard orbiter payload retention latch as defined by Rockwell

Specification NC287-0025 is deslgned for a 3.25-inch diameter trunnion at an

elevation o£ Z qlq. The latch is designed for a maximum reaction load o£o
180,000 pounds and the teight o£ each unit is approximately 100 pounds.

The maximum reaction load on the PEP-It;1 trunnion is approximately 5000

pounds. The trunnion stoled ¢enterllne must be at Z = q20 and it would be
o

desirable to reduce the ADA trunnion diameter below the standard to reduce

weight. The standard retention latch weight would be approximately 15_ o£ the

t_tal PEP system weight if" they were used. Based on these £1ndings it was con-

cluded that PEP would require a ousts! lightweight retention latch design.

Figure 2.3-q illustrates a design concept for a retention latch for PEP which

is a "scaled down" version o£ the existing Orbiter standard design. This

design could have a dual motor drive system. Figure 2.3-5 illustrates a second

latch concept utilizing a single motor drive with a manual override. Both

design concepts Inter/ace with a standard Orbiter bridge fitting; the Journal

centerline is located at Z q20, the Journal diameter is two inches, the ulti-o
mate load capability is 20,000 pounds, and the electrical inter£ace would mate

2-IN.

OIAMETE:t

Zo4_ J.i_,_.N'_.'J ----,-

i .L'f /_', ',
i!! t!/

L-_,,;;

l il '-'"

i ,_ d .,',
#l I I _ i

"r-..-.-_...... J'_.... _-.-"
- il 11%, I

# I I '1 I

==='--_ C:::2_-'_.-_:. -- - _" - " --_

ORBITER --/ L.._..___. Zo410
W_iE /
FITTING "

Figure2.3-4. LiilhtweiQhtRetentionLatchConcept
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LOAD
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' TRUNNION

17 IN.

zo_

wlth the standard Orbiter connector. The weight of the custom latch is calcu-

lated to be less than 15 pounds or approximately 2S of the PEP system weight.

2._ RHS WIRING

Objectives 1The objectives of this task are: verify feasibility of a wiring interf;L-e Kit
}

concept; provide Installation and routing detalls in support of interface

definition activity; quantify impact of _S pover cable on wrist roll

performance and acceptability of any limitations; determine compatibility of •

special purpose end effee_r (SPEE) wiring with PEP requirements and propose i
f

solutions to any incompatibilities; define separation device location.

Conclusions and Recommendations

The concept of suppl_tng the m45 power cable as a kit for installation on the

, RMS is feasible, however, the basic RMS must be modified to add attachment

provisions for the cable. Thls modification must be done either during the

initial fabrication of the _S or during a period of major refurbishment. It

is recommended that action be initiated to have Spar incorporate the i

modifications In a deliverable _S which Is compatible wlth PEP program

schedules. .!

"_" L_
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A cable routing has been established which allows unrestricted operation o£

all RHS Joints except for the wrist roll restriction of +180 °. The wist roll

limit has been determined to be adequate for PEP operations and for use with

other payloads.

The special purpose end etfeetor wiring is adequate to operate the PEP, how-

ever, the electrical power available to operate deplolment mechanism gtmbal

drives and latches Is limited.

The power cable umbilical, located at the SPE£ and grapple fixture Interface,

is operated by an electromechantcal actuator attached to the grapple fixture.

Thls arrangement requires the SPEE connector be mated prior to mating the

power connector.

The power cable, when installed on the MS and the _$ is stowed in the

Orbiter, violates the 93-Inch clearance envelope established For the cargo

bay. The intrusions are short in length and occur only at the elbow and wtst

pitch joints. Investigation has shown that no physical tnter£erence will exist

with any of the basic Spacelab configurations. It may be possible to eliminate

these intrusions, however, the resulting power cable design and installation

would be much more complex. It ls recommended that the current design be used

unless it can be demonstrated that a physical interference exists with a

potential payload that will fly with PEP.

Approach

The requirements for the RN$ wiring (power bus) evolved as a product oF the

HDAC PEP studies. Spar Aerospace Products, Ltd., o£ Canada, under contract to

HDAC used these reqL" 'ements to produce _, design For the external attachment

and handling or PEP power t us on the RN$.

Results

Figure 2._-I illustrates the PEP power cable installed on the port side RN3.

Mounting methods employed in the design oF the RN$ operational cabling were

u--.d For the PEP installation. Split 1_+to two bundles o? six cables each the

wiring Is installed on the upper Inboard surface or the arm. Loops In the

cable accommodate RNS shoulder and wist roll Flexure. A simple "V" Be.d

16
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Figure 2.4-1. RMSPoww Cable

allows elbow motion and an "S" cable configuration is used for wrist pitch and

yaw. Figures 2._-2 through 2.4-6 contain the mechanical details of cable han-

dling system design. Additional details and analysis are contained in Appendix

A, Spar Report SPAR-R 9qO.

The PEP power cable is attached to the RMS using custom designed cable support

assemblies spaced at approximately 8-inch intervals for the entire length of

the MS arm. These supports are attached using screws into bosses which

penet.rate the Kevlar bumper coating on the exterior surface of the boom and

are bonded to the composite _tructure. At the Joints fiberglass guides are

attached to contain the cable and allow flexing.

" . 17
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l
l 2.5 WING DEPLOYMENT MECHANISM

Objective

l The cbjectlve of this task was t= re-examlne the configurational relationship
between the array wing box and the mast canisters. The two basic considera-

tions included the packaging subassembly concepts and the issue of rotating

versus fixed canisters.

Conclusions
The analysis concluded that the lowest weight (and probably lowest cost) con-

cepts were either the integral wing box or the strongback versions. The inte-gral w_ng box concept was recognized early Iz the study as the concept most

likely +_ meet an early system weight bogie of 2010 pounds and was the primary

reference configuration. Late in the study it was determined that wing box

flexure from the box cover preloadlng of the contained array blanket would
,

present an undesirable interface condition between the wing box and the acre

_ntegration structure. The reference configuration was then altered to reflect

the strongback concept features.

The early study selection of the rotating canister concept was related to mast

. canister sizing criteria of that period which pointed _oward very long

canister geometr? which would not hav fit between the alrlock and the ":_

Spacelab in a fixed canister arrangement. Subsequent canister _izing criteria

has resulted in shorter canister geometry and reassessment of canister stowage 4

positions in PEP was done. Canister lengths are now possible which would allow

a non-rotating canister PEP configuration. That arrangement is possible by

placing the canisters side by side with the mast being eccentric to the array
¢

blanket centerllne. Reass_ssment. of rotating versus fixed canister issue con-

.. eluded that elther concept will fit the PEP criteria. However, the rotating

canister feature was retained for the reference concept because it still

allowed a greater degree of tradeoff be ween canister diameter, In sddltlon, a..

preliminary examination of .he dynamics of the off-center mast indicates

satisfactory dynamic behaviour; however, a more rigorous analysis is necessary

to verify the preliminary conclusion.

.- Approach

PEP was re-examlned for the configurational approach to the "where" and "how"

to Joln the wing boxes, the canisters and the integration structure. Four vat-

-)
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t
iation8 on the subassembly concepts were examined and included: j

• Integral Wing Box--Wing box as a load-carrying member at" the array i

_.ntegration structure.

• Strongback Concept_Wlng box as an attachment to the load-carrying

integration structure (strongback).

• Hodular Wing Concept--Integrated vlng box/canlster module as an attach-

ment to a strongback.

• Integral ADA-PRCA Concept--A strongbaek vrlatlon in which the A_ has

a mlnlmal integration structure and _hlch sto_ on a strongbaek which Is the

PRCA support structure.

The fixed canister variation Is appl.Ieable to any or the concepts but was

examined only in the Integral wing box concept (the early re/'erenee

configuration).

Inter:rat Win 6 Box Concept_This concept uses lightweight structure to Join the

two wln_ boxes into a structural box beam havlng the 1, rgest cross section

possible within the envelope constraints of the ADA. °_hls box beam has the

mast canisters and the gimbal package installed upon it. This concept results

in the most complex mechanical interface between the wing box ar,d the

integrating structure. This interface consists of a large number of attach-

ments along the edge o£ the wing box. This approach rigtdlzea the two wing

boxes to each other and requires a method to decouple the wing masts or can

lsters from the overall array core structure for a desired low natural

tYequeney . Figure 2.5-1 sho_ the subassembly concept utilizing the integra-

tion core structure to interrelate the mast canisters and the wing boxes. The

canisters are supported on the core structure with either slngle or double

trunntons. The masts are decoupled either by providing a method o£ springing

the deployed mast within the canister or by springing the canister on its sup-

port structure. This spring system must be so designed as to be locked out

during wing box coyer locking and canister rotation.

Strongback _or.eept--This concept, Figure 2.5-2, is very simllar to the Inte-

gral wing box concept except that the _rlng boxes do not act as load- carrying

members 0£ the core structure. They wtll be attached to the core structure in

a manner that will minimize structural coupling. With the clearance necessary

for the blanket Lensiontng and guidewire reels on the bottom o£ the wing boxes

24
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Figure 2.5-1. Subassembly Concept for Integral Box Configuration

I

• STRONGSACKBEAM

t
Figure 2.5-2. SubMsemMy Concept for Strongbeck Configuration

4"
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the width of the core structure Is reduced by approx:laately one-third o(mpared

to the integral vln 8 box concept. That, In conjunction wi,.h aide panels added

*" to replace the wln8 boxes, will make overall AI)A weight larger. I i this con-

cept the vlng boxes attach to the core structure with only four bolts. The

canister mounting and decouIJling _ould be the same as the Integral vlng box

concept.

Nodular Win6 Concept--This concept Is a significant variation In that the wing

box and t_e associated mast canister is Joined into a structural assembly

which is then mounted on a strongback-like beam. This concept similar to the

strongback concept suffers from a narrower and heavier core structure beam.

There are two methods of mounting these vlng modules. One is deoouple the mast

from the canister or decouple the canister L_om Its support and then rigidly

attach the module to the core structure. The other method ls to make the mast-

canister-wing box assembly a rigid system and spring mount the module to the

strongback as seen In Figure 2.5-3. This concept offers modular assembly and

rigging of the mast and wing box assemblies and displays interface and pro-

granunatLc advantages. This configuration _s explored by LHSC during their

_! / 26
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! P£P-related studies and selected as their preferred confl._uratlon. The
4.

modular-wing configuration necessarily suffers the least efficient structrual

_.ometries and is the heaviest of the options studied.

In_-6ral ADA-PRCA Concept--This concept is a variation of the strongback con-

I cept with significant _eight reduction as the primary goal• Examination of the

_]Io_ ation of weight in the various PEP elements shows that a significant

I amount of weight lies in the bridge and retention fittings
non-array necessary

tq interface PEP with the Orbiter. The concept soiutton has a stron_Ib_'_

I strpctural beam which was configured to s_Ipport the system electronics from _:
#_ich a small saddle structure is mount_d and deployed. The wing boxes and the

.- mast canisters are attached to tP.s _addle structure either as discrete ele-

•- ments as in the strongback concept o- as module assemblles as in the modular
e_

._ concept (see Figure 2•5-4)•

This co_cer., sham the potential for a very low weight approach if the ADA

"" inst_'.lation occurs at the forward location where the electrical systems:

" interfaces are. For missions which require the ADA to be located at same aft

-- position for payloa _ viewing or center of gravity control a conflict exists•

° " MAST CANISTER SUPPORT AND
ARRAY INTERFACE UNKAGE

• GIMBAL JL ASSlEMBLIES

ASSEMBLY -_

.-

-' 1/I j .oxAm..v

. [
WING 80X . _
ASSEMBLY

./

INTEGRATION STRUCTURE

; I

I

-- ,1,STRUCTURE

..

Figure2.5-4. SubamemblyConceptfor Inte_r_KI ADA andPRCA
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If the ADA-PRCA package was moved art the new electrical interface condition

occurs _hlch requires a speclal kit. If the PRCk/strongbsck is left in the "

forward position then a new kit structural beam (possibly a duplicate strong-

back structure) Is required. Alse a possibility occurs for the need of addi-

tional bridge and retention fittings. Either of these aft location 8olutlons

tend to nullify the potential wetsht improvements of the basic AD_-PBCA lnte-

g, ated concept. Because of the 8rest desirability for art-bay mounting

" fl_.xtbtlity _f the ADA for Orbiter CG adjustment, the strongback, t_o-assembly

concept was selected as the referenced destin.

These concepts were evaluated with the rotating canister approach which PEP

was configured for In the orlginal study. Nore recently mast-canister design

criteria and discussions _rlth manufacturers of those systems led to a oow_.

sizing oF the canister and a reappraisal of the trade between a rotating

canister and a fixed canister in the PEP configuration, Some eompariso_ data

in the mast-canister si_tng for the two approaches is found in -qectton 2.10.

Fundamentally the rotating canister requires a seheme for the rotation and

results in a mast-array blanket _rlth svmmetrtoal geometry while the fixed

canister requires no scheme or mschanl_ but results in mast as_etry of

approximately 16 percent of the blanket width end slightly larger and heavier

mast-canisters. A PEP configuration for fixed canisters is seen in Figure

2.5-5. All of the first four concepts were evaluated for fixed canister appli-

cation and ;are found to be conceptually compatible.

2.6 FUEL CELL VOLTAGE CONTROL

Objective

The objective of this study effort was to assess methods or" controlling the

fuel cell voltage to assure rue1 cell operation at 1.0 kw each while not

exceeding allowable Orbiter bus voltages.

Conclusions and Recommendations

Coordination vlth J$C on the six Orbtter/P_P interface schemes discussed here

led JSC to baseline the use of a 33.0V Orbiter load bus and payload voltage

limit. The load bus/regulator sense point must be controlled to a voltage O.W

below the bus limit. The IDD scheme of tying the PEP into the fuel eel1 bus

feeder provides the best mission duration performance for a given bus voltage

limit. PEP system sizing should be updated _en Rockwell has a better estimate
• °

of Orbiter line lengths�losses and PEP interfaces.
r.
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Figure2.5-5. FixedCanisterConcept

-- Assumptions

. The PEPIEPS integration must minimize the impact on the Orbiter. The Orbiter

bus voltage can be raised to 33.0V, although the present llmit of 32.0V is

preferred. Fuel cell voltage - current characteristics are 3s defined in

Figure 2.6-I, which will be discussed subsequently. Hisslon duration

performance requirements necessitate fuel cell operation at an average output

of 1.0 kw each during the sunlit periods of the orbit.

Approach

Various power system options were postulated and evaluated for suitability

with the Orbiter system and the fuel cell current-voltage characteristics. The

fuel cell characteristics used were obtained through the courtesy of United
I
J Technologies, Power Systems Division. The data was checked wlth data from JSC
.

and RI and good agreement was found. Alternate solutions were compared on the

"" basis of FCP idle level, system weight and array slze and cost.

• - 29/
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Figure _-_1. PEP and Orbiter Full Cell Voltage Rqlulmtimnfor 33V Bus Limk

Results

The Orbiter is currently powered night and day by three fuel cells, nominally

one on each of the three load buses. The PEPsolar array provides energy only

when illuminated, which can vary from 62% to 100% of the orbit period,

depending on launch time and inclination; the fuel cell power to the bus must

be: (1) reduced to approximaLiy 1.0 kw per fuel cell during the illuminated

period, and (2) re-initiated the following night, while maintaining

satisfactory steady state and transient voltage regulation.

The relevant fuel cell and voltage regulator voltage characteristics are pres-

ented in Figure 2.6-1; the fuel cell curve is for a nominal age fuel cell,

midway between the characteristics for new and for old (5000 hour age) fuel

cells. The curve is based on analytical predictions by the Power Systems Divi-

sion and assumes average heater loads. The figure also shows the PEP shunt

limtter and voltage regulator operating bands, assuming the maximum alloweble

Orbiter bus voltage is 33.0V. The shunt limltera, which are discussed in

Volume 2, protect the Orbiter buses from overvoltage transients for certain

voltage regulator failure modes. The 0.2V wide band allows for all factors "T

,t 4
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!
I that effect voltage (e•g• adjustment and voltage ref._renee inaccuracies and

variations in shunt current)• The O.2V voltage regulator operating band allows

I for similar inaccuracies and variations• The two bands are separated by O•lV
to assure that the two units do not overlap and interact with each other.

I The nominal bus voltage (32•6V for the example) which represents the midpoint; I

of the voltage regulation band, has been used for nominal performance predlc-

tlons. The nominal be O._V below the maximum allowable
bus voltage must always

bus voltage (e.g., 32.6V for the example, or 31.6 for a 32.0V case). The

I ntersection of the fuel cell curve and the nominal bus voltage represents the
fuel cell operatzn8 point (_0.9 kw for the 32•6V example of Figure 2.6-1).

I The fuel ceil power is controlled by adjusting the location of the voltage

regulator band. (The setting depicted is the highest allowable for a 33.0V bus

limit). The fuel cell power output is _0.9 kw for a 33.0 volt bus limit and
M.8 kw for a 32.0V limit.

I The location of the voltage regulator sense point and the PEP power feeder

ties relative to the fuel cell and the load buses can significantly influence

I the fUel cell idle power settings Just discussed. A parametric evaluation was

made of several alternative configurations for each of the 3 fuel cells. This

I work was completed in the middle of the study and is based on an early set of
assumptions regarding PEP and Orbltsr line lengths and resistances• These par-

I ametrlc results require a slightly higher PEP power output than is currently
required as the result of: (I) the current selection of a less remote

i interface for payload power delivery and (2) other llne loss reductions• Anexample of the assumptions and results of the parametric analysis is presented

in Figure 2.6-2. The example is for fuel cell no. 2 (FCP 2) and the main B

l bus• The electrical loads assumed for thls portion of the system are: (I) 5.0

kw to the payload and (2) an Orbiter load of 4.67 kw on main B (one-third of

I the Orbiter lq.O kw load)The example is for the IDD a ease wherein the PEP
power Is fed into the Orbiter near the fuel eel] in its feeder to the bus; a

I wire temperature of I00°C was used, and 32.0V maximum is allowed on Orbiter
loads and payloads. The 32.0V limitation necessitates the main B bus to be

I 31.62V as noted on the figure (the current value would be 31.50 per _'_e abovediscussion of Figure 2.5-1). Load feeder losses are neglected in setting the

31.62V bus limitation, because the loads on nny given bus might be very low at

i
.
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Figu_ 2._2. PEP/Od)iterInterfacePerformanceIDD Interface,MainB/FC2

some point in time. The volta&e regulator sensor is designated by S+; it is

located in the HDA near the bum but ahead oC the fuel cell feeder switch so

that operation oC the switch to "open" will not isolate f_he regulator from its

sense point. The regulator sense point In this example is set at 31.67V, which

leads to a fuel cell positive terminal voltage oC 31.73V, a negative terminal

voltage oC -0.02V relative to ground = 0V) and a fuel eel1 V of 31.75V. The

resulting fuel cell pok_-- is 1.65 kw (52A at 31.75V) per Figure 2.6-1. 'l_.:e PEP

power requirement to support the maln B loads can be determined now that the

£uel cell conrlbutlon is known. The power required is 8.525 kw (258A at

33.08V);33.08V= 32.41V-(-0.68V).The PEP parasiticpower losseshave not

yet been accounted /'or,and the actual power required from thls portlon of PEP

is 8.525 X 29.2/29.0 = 8.584 kw, because the syatem must deliver 29.2 kw of

gro_ power to deliver 29.0 kw of net power to the lq kw Orbiter loads and 15

kw payloads. The other portions o/" PEP must supply: (I) Maln A and Maln C

Orbiter loads (Cuel cell I) -_ 8.1_7 kw; and (2) 10 kw for payloads (fuel

cell 3) -_ 9.2?3 kw. The total PEP output Is then 8.58_ + 8.137 + 9.273 =

25.99 kw at the power distribution box (?'.) output, or 2_.22 at the load bus

inter t'aces.

_ 32

KDONItlELL DOU(I .:_

......, -_. . ..-............. _,--"-_'., ................._ ... . , T_ _. ............

1979025068-037



T

l A summary of the parametric study results is presonted In Table 2.6-1. The
example Just described is the fuel cell power plant (FCP) feeder (IDD) case,

l column 1; Figure 2.6-2 is for the FCP 2 case where the FCP provides 1.65 kw.

_. The total FCP output is 4.98 kw which yields a 17.O day mission duration _s

contrasted _o the desired 3.0 kw required to achieve approximately 20 days

i mission duration (at 21 kw load, 55° inclination and solstice launch'. The PEP

: electrical output is relatively low (24.22 kw) for the IDD case, b,_cause the

i fuel cells amount of (q.98 kw)r 24.22 q.98
provide a relatively large powerkw = P9.20 kw, The long duration options all require larger PEP outputs and

i solar arrays, as can be noted in the solar array production cost item. Array
costs, which are a system driver, are based on $21,850/m 2 for production. The

blanket weight, which predominates the solar array, is shown in Table 2.6-1.

The following c_nments apply to the various other options of Table 2._-1:

1 A. J-Box Splice (Dec '78 BL), Aft PCA6--This option represents the Decem-

ber 1978 baseline m wherein the PEP power is fed to the Orbiter re?atlvely

remotely from the fuel cells ,so that line losses and sensor locations have an
': adverse effect on FCP voltage and, consequently, fuel consumption and mission

} duration (see Table 2.6-I). The weaknesses of this scheme were recognized late

I in the previous study phase and the utilization of the HDA's was discussed

wlth JSC personnel at the November 1978 final review. Rockwell International
I

I was also queried about the Installatlon feasi- bllity of the IDD approach in

telephone discussions in early January 1979.

i B. J-Box Splice (Dec '78 BL) Aft PCA4--Thls scheme is a variant of the!

previous scheme where in FCPI operation is improved by feeding PEP power at

i- Aft PCA4 rather than Aft PCA6. This scheme is preferred to the Aft PCA6
,

approach.

_ C. FCP Feeder (IDD), 32.68V max--This option assumes that the 32.OV load

bus limit can be raised to 32.68V in order to get the fuel cell operation

down to 1.0 kw each. The selected reference system is similar to this, except

: the voltage llmit is raised to 33.0vto provide some margin. The PEP powero.

output requlrement Is higher In thls case as discussed earlier, as is the reg-

} ulator power and, c_nsoquently, heat rejection.
I

mDaRos, C. J., Orbital Servlce Module Systems Analysis Study Documentation.

MDCG7555, Volume 2 Technical Report, Contract NASg-15532, December 1978,

1 P. 79. .

° •
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Table 2.6-1. PEP/Orbiter Power Output Options 1

J-Box/Splice J-Box/Splice
FCP Feeder (Dec. '78 BL) (Dec. '78 BL)

(IDD) Aft PCA 6 Aft PCA 4

FCP power output, kW
• Average/total (3 FCPs) 1.66/4.98 2.19/6.56 2.04/6.13
• FCP i 1.68 2.66 2.23

• FCP 2 1.65 2.00 2.00

• FCP 3 1.65 1.90 1.90

PEP power output, kW

(PDB/load bus) 25.99/24.22 23.71/22.64 24.23/23.07

Mission duration days

• 21kW, Solstice, i = 55° 17.0 15.1 15.6

• 21kW, Equinox, i = 55° 12.2 Ii.I 11.4

Weight, ib 776 698 714
• Blanket 2 634 570 583

• Wire and equipment (A) 142 128 131
6.08

Array blanket cost2, SM 6.61 5.95

Heat rejection, kW

• Regulator 2.92 2.66 2.72
• PDB 0.26 0.24 0.24

• Diode NA _A NA

FCP Feeder FCP Feeder FCP Feeder

(IDD) (IDD) (IDD)
_32.68 v Max i Diode 2 Diodes

FCP power output, kW

• Average/total (3 FCPs) 1.0/3.0 0.91/2.73 0.42/1.26
• FCP I 1.01 0.91 0.40

• FCP 2 0.99 0.91 0.43

• FCP 3 0.99 0.91 0.43 ..

PEP power output, kW
(PDB/load bus) _28.07/26.20 28.53/26.47 30.14/27.94

Mission duration days

• 21kW, Solstice, i = 55° 19.8 20.3 22.7

• 21kW, Equinox, i = 55_ 13.8 14.0 15.7

Weight, ib 776 878 922
• Blanket 2 684 684 722

• Wire and equipment (A) 142 194 200

Array blanket cost2, SM 7.14 7.14 7.54

Heat rejection, kW

• Regulator 3.15 3.20 3.38
• PDB 0.28 0.29 0.30

• Diode NA 0.07 0.06

132.0 V maximum unless noted, Busses A, B, and C at 4.67 k_ each and 15 kW to

2Spacelab
Rated power a_ end-of-life
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selected 33.0V bus 1imlt (paragraph C, above). The basic diode approach

: | involves paralleled diodes placed between the fuel cell and the load bus/
_+ 1. • voltage regulator sensor. The voltage drop across the dlodes ls approximately

0.8V, which raises the fuel cell voltage by this amount when the PEP is

l: generattn$ power. At night, when the Orbiter is on fuel cells only, the diodes

are b_assed via parallel switches. This scheme permits FCP operation at 0.91

Ii each and a mission dLratton of 20.3 days.
k_

4

E. FCP Feeder (IDD), 2 Diodes--This eptlon is the same as the on

| described in paragraph D abo-,e except 2 dzodes are placed in series to gel a

l, 1.6V dlode drop. The £uel cells opera.e at an average power 1eve" o£ 0.42 kw

+ and the mission duratlon is 22.7 days, at the expense o£ a larger solar array.
t

As mentioned previously line losses and load lnter£aees were revised subse-

i quent to the completion o£ the parametric work discussed above. Flg_e 2.6-3
presents the current assumptions and results for fuel cell 2/main B; the exam-

i ple Is for _ 1 dlode ease. $1mllar results are obtained when the fuel eel1
voltage is raised by raising all the system voltages by 0.gV (no diode, 33.0V

; bus limit case); the PEPoutput requirement Is reduced slightly In the latter
1
t ease.

PEPOUTPUT
i u'/xwOltmTIE, eL ,.'.ITERFAC, (27tlA. 32.,16_V)

1 t.OAOS STAS4S ,,_.z_,:T +a_.j+w

"_ t s.ooKW
_, xw.a,) (,m,, o.m t .o.m,-.m. .o. _., +,vJ....,....I

I r..... q 1.,,.,m_ |I - I o.m,,,,nil '_'"' I" 't,. --- _'_---I• " '++"_ I +,,.t_,,_r -a,,_,,,,31J_3V 0,17
CONNECTOR

I- ' ;"-°";+ ' ". (_ L__ _': u ,o,..
307#, "-

1.?0m_ 18 FT TaD m_

- i " 31.6V _-e-- .711A 32.1V
i: 0.11re,I}

i " "0,1 V OIOOE
+_IL40V NOTES:

r-oP2 / " -''_ 1. MAX LOAD VOLTAGE - 32.0V

" 1,ooKW
|_rlA) AV - 32.41V 2. 100°CWIRE TEMP

3. IDO - FC2/MAIN B
-- 4. 1.0 KWIFCP ;DIODE

4.01V EXAMPLE)

Figure2.6-3. PEPlOrbilmrInterfacePerformanoe
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2.7 REGULATORDEFINITION

Two distinct areas of effort evolved from this task which are separately

reported below.
},
a.

2.7.1 Regulator Type and Efficiency

Objective . _
To develop a 5 kw power regulator operating under _toroprocesscr control at

efftciencies of 90_ or better to demonstrate the technology for application on

the Power Extension Package as applled to Shuttle Orbiter. • !

Conclusions and Recommendations

The standerd buck type regulator circuit, together vlth proprietary HDAClow-

loss snubbers, can be mad_ to 3erve the Orbiter Power Extension Package needs

_tth overall efflctenctea approaching 92S, as contrasted to the units devel-

oped under separate funding which achieved an overall efficiency of 89_ maxi-

mum. Adequate over-voltage protection, transient -esponse and failure mode

protections were demonstrated.

As,=umptions

The Orbiter power system specifications, as amended by the MDACdeveloped PEF

specifications were assumed as target goals. The power regulator requirements

ar_.llsted in Table 2.7-I.

Approach

Several regulator configurations were initially studied. These included:

A. Transformer coupled DC to DC converter.

B. Resonant regulator.

C. Bu_k regulator.

The transformer design approach employs a transistor swlteh in series with the

primary of the transformer and a rectifier and filter In the secondary. Good

isolation of input and output can be achieved. The transformer core and

winding I2R losses produce oolJslderableheating and also represent potentially

lower efficiency performance. Since the Orbiter's cooling capacity is llmlted,

this drsign approach was not pursued.

The r_sonant design approach Is potentially more efficient since switching t=

done as voltage swings through zero, giving low switching losses. A series

36
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I Table 2.7-1. PEP Power Regulator Design Requirements

"; Rated Input voltage, V 111 volts
in

Maxlmum input voltage, V 239 volts
;" m

_. I Rated output voltage, V 33 volts
$" 0

Voltage regulatt_n tat Orbiter 32.5 to 32.? volts nominal

Ii main bus)Haximtm output voltage ripple O. 1 volts peak to peak

: Rated output current, T 146 mperes

t °Rated output power, V x I q. 8 kilowatts
; 0 o

Efficiency at rated Vin, Vo and I ° 90_

output , 160 amperes
Yaxlmum current I

Maximumoutput power, V x I 5.3 kilowatts
0 m

Loss of remote voltage sensing Revert to internal reference and. circuit operate at lower output vol-
tage

-;- Peak power tracking Track solar array peak power point _I|
; within 25 for output currents less

than regulator current limit .set
- point

*_- Electromagneticinterference (EHI) Heet Orbiter specifications

Heat rejection To coldplate at TBD °C

i

resonant tank Is employed and circulating currents are higher than in other

" types. 12R losses in the required inductor produce poorer efficiency and addI-

I- tlonal heatln_. Resonant regulators present a complex design challenge and did
!

_ not produce sufficient system advantages to warrant development for use on

-- PEP.

me

The buck regulator design approach, which was selected, appeared to provide

potentially good efficJeney, reasonably straightforwarddesign, and good con- _
trol stability. It employs a transistor switch preceedlng an inductor-

i capacitor filter. Nhen the switch is off, the current is maintained in theinductor by a commutating diode. Large transform ratios are easily accommo-

dated by pulse width modulation. A block diagram of this appcoach is shown in
T
:_ Figure 2.7-1.

_u
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r 1
I SOLAR I
I I
I ARRAY I
I NO. 1 !
L........ ..:'

l- - fFILTER _ STAGE OUTPUT
NO. 1 _ FILTER OUS

II

FILTER i NO.2STAGE

I

i _ORIW_W. _--_ '

I I l-'tINptrr STAGE
FILTER NO. 3

I

POWER MICROPROCESSOR _ CONTROL REMOTE
SUPPLIES SENSE

Figure2.7-1. BuckRegulatorBlockDiagram(U)

Standard switching transient protection clrcults protect the regulator

switching transistor from much of the switching transient losses by absorbing

the switching energy in storage elements and dissipating this energy In a

resistor. A "low-loss" design became available later and will be considered

for use in flight units to increase overall system efficiency.

A blocking oscillator drlve was selected for low power end maximum pulse width

limiting features.

Results

A palr of 2.5 kw regulators along wlth mlcro_ )cessor control were developed

and tested under company funds to support thls study and the £PDC tests. The

efficiency curves with various input voltages are given in Figure 2.7-2. Good

t_ansient behavior and regulation were achieved over the load range from 0 to

I]C$. Overvoltage and fusing protection for Internal failures are provided,

and any one of the three parallel channels per regulator may fall with no loss

of output capability.
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.. looi_,W_LEraM,iv J: [REGULATOR EFFICIENCY @11-79
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[ I" " FigureZT-Z EPOCTest_eoulotorPm4ommnce

" . Voltage regulation of 10 mllllvolts over lnput variations from IOOV to 2qOV _t:_ j and output load from 2 to 100 Amps for each supply was achieved.

: 2.7.2 ,Re6ulator Failure Hodes and Effects _"

] Objectives; A.

:; To identify representative failure modes and corrective action and to assess

i ] resulting regulator performance and effects on system operation.i

f j- Conclusions and Recommendationsi All ldentlfled failure modes result in elther fall operational or fall safe !

conditions, primarily fall operational, Emphasis was placed on analyzing

[ failures leading to bus overvoltage,
7

Protection against overvoltage is effectively provided by either fuses or ,}
!

compensating circuitry in the regulator, with external shunt regulators pro-
\

_ vidlng backup protection. The capability of fuses to limit overvoltageresulting from a shorted power switching transistor was analyzed using the

SPICE transient analysis computer program. Thls analysis shows that fuse blow-

: I_ ing occurs fast enough to limit output voltage rlse to within the overvoltage

envelope allowed by the Orbiter specification (Rockwell document _O00q-O02).

[
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i
Control circuit failures which drive the power switching transistor to maxlmum

' duty cycle and produce bus overvoltage are transparent to the fuse system of "

protection unless a secondary failure (power transistor short) results. Active

protection circuits within the regulator provide the required protection for a

control failure that does not lead to a transistor short.

A potential problem was identified involving fuses in the output filter capac-

itor circuits. For a short circuit on the regulator output, the fuses blow and

effectively remove the capacitors from the filter circuit. If the regulator

remains on line after the short is cleared, output _veform will be poor.

Further analysis and testing Is required to determine regulator status

following the short and to provide an alternate fuse location If needed.

Additional analysis also is recommended to evaluate tradeoffs in flight regu-

lator design. Examples are (a) input capacitor size to meet filter require-

ments versus capacitor-stored energy required to blow fuses for single part

failures (fail operational design), and (b) beneflts of fusing for single part

fall ures versus fuse :2R losses and resulting 1,_wer regulator efficiency.

Assumptions

A. Regulator circuit model Is based on NDkC breadboard regulator devel-

oped for PEP simulation and evaluation teats at JSC.

B. Solar array equivalent, circuit Is derived from l-V curve for minimum

operating temperature tmaxtmum array voltage).

C. Fuel cell equivalent circuit ls derlved _om an I-V curve wte,h 3q

volts at no-load. The PEP ,_tudy groundrules ltmlt the maxlmum steady state

voltage at the load buses to 33 volts.

D. Shunt regulator is not included in equivalent circuits (worst case

assumption).

E. Bus loads are not included in simulation (worst case assumption).

F. Regulator remote sensing/control dynamics are not simulated (worst

case assumption).

G. Regulator capacitor F_R values are assumed to be 50_ of supplier guar-

anteed maximum EaR.

Approach

The study was prellmlnary In nature, focuslng malhly on failure modes whlch

produce overvoltages on the Orblter btmes. Study results are considered con-

servative as evidenced by the parameter values and Input/output conditions

_. .. Lt-_/_ 40
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assumed in constructing the analytical model. The mc_el used for evaluation is

: indicated In Figure 2.7-3. Representative failure modes for the model were

identlfJed and resulting failure effects assessed qualitatively. The model vas

then analyzed quantitatively for selected failure modes using the SPICE tran-

sient analysis computer program•

" For failures producing excessive or marginal bus overvoltage, the output

i capacitors of a second regulator In parallel with the first (and required to

fully simulate the PEP regulator configuration) were added to thA SPICE model.

i The additional capacitance Is effective In reducing bus overvoltage. Fuse melt

and clear calculations were coordinated with the fuse supplier (Bussman - FBP

fuses) • Cold resistance values were used in the analysis.

A split inductor incorporated in the MDAC breadboard (and the SPICE equivalent

circuit) eliminates the posslbility of fully shorting the inductor. Such a

failure would result in prohibitively high instantaneous bus overvoltage.

Results

The qualitative assessment of failure modes and effects is summarized in Table

2.7-2• In general, failures are only listed for components in the upper stage

of Figure 2•7-3. Identical failures in the other two stages have the same I,

failure effects.

Ol LI L2 |'

a"_ _ _" _k_....

• F1 AND FOP

2-_ _

"" F2
i

1 I 03 L5 L6 F12

i. F3_ t F6 |

Figure2.7-3. FMEA CircuitModel
_. o,

. ., _. , _'_
4, f_
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!
Tab'-e 2.7-2. Failure Modes and Effects Analysis (FlqEA) Summary

Regulators In Parallel Supplying Load Bus !Two
m

Item Component Fallure "T
lie. or circuit lode Failure effect .I

i
1 Cl-lnput Open Loss of 1/3 _f /nput fLlter--increaae

capacitor In svltohlng nolse on array, but vlthln ;
specification 11mlts • •

2 Cl-tnput Short Fuse F1 blo_.
capacitor

3 C_output Open Loss of I/3 of output tilter oapael-
capacitor tance. Regulator performance remains

vlthtn specification limits; output
ripple increases.

Cq-output Short Fuse Fq blo_. Same effect as Item 3.
capacitor

5 Ll-ftlter Open Loss of one power stage--duty cycle on
inductor remaining stages Increase--no loss of

output power.

6 Ll-fllter Short Faulted stage tends to supply a
inductor greater share of bus load--output

ripple increases but remains within
specification limits.

7 Dl-commu- Open Loss of commutatlng path for affected
tatlng diode stage leads to failure (short) of power

transistor. Same effects as Item 10.

8 Dl-commu- Short Fuse F1 should clear fault. Same
rating dlode effects as Items 1 and 7

9 Q1-power Open (no Loss of one power stage--remalnlng
translstor turn on) stages capable of supplylng regulator

rated load.

10 Ql-power Short Fuse FIO blows.
tr an sl stor

11 F7 input fuse Open Loss of on_ complete stage--remaining
stages can supply regulator rated load.

12 Driver input Drives to Loss of complete regulator.
to Q1, Q2, 03 maximum duty

cycle.

13 Driver input Fails oft Loss of complete regulator.
to ql, 02, Q3

14 External Short on LOss of both regulators (fail sate).
fault output •.

15 Remote Open No Interruption in service.
sensing leads

16 Remote Short No interruption In service.
sensing leads -,
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All items in the table with the exception of 14 result in fall-operational

• conditions.

i. A summary of failure modes and operational characteristics Is given in Table

2.7-3.

1.
Table 2.7-3. Voltage Regulator Safety Features

I.
Failure mode Corrective action Operational status

Overvoltagel _.
Power transistor Fuse blows Fail operational
shorts

I. Control drives to Protection circuits isolate Fall operational 2 "

maximum duty cycle faulted regulator from bus

I Remote sensing leads Fuse blows in sensing Fall operationalshort circuit. Revert to internal

reference and operate at

lower output voltage

Overcurrent

Output short Fuses blow Fail safe _

circuited !
Overload Protection circuits limit Fail operational

output current until _
i overload clears

Control falls off Output power goes to zero Fail operational 2
T

i Remote sensing Revert to internal refer- Fall operational ._

clrcui_ opens ence and operate at _
lower output voltage _

:
! IHaln bus voltage does not exceed 33V limit used as study baseline.

2paralleled fuel cell power output increases to make up for loss of
_ faulted regulator.

!

4

7•

L
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2.8 STRUCTURALDESIGN CRITERIA

Objective

The objective of this analysis Is to define • solar array mast design criteria

including a compliant structure concept needed to reduce solar array mast and

RHS load response to Orbiter PRCSand VRCSfiring.

• Conclusions and Recommendations

The following conclusions are based on the dynamics analysis described herein.

The major trade In this analysis involves tnter•cttons between mast root

moment, Orbiter maneuver rate change and wing compliance frequency.

• A preliminary design value of 200 1't/lb ultlmate load is recommez,ded

for the mast design criteria.

• Compliance structure should be included at the root o1' the array mast

to reduce mast and RHS loads to an acceptable level, The compliance should be

about two axes; perpendicular to the array and transverse to the array, A wing

first cantilever frequency of 0,02 Hz •bout both axes Is recommended,

a The preliminary baseline solar array blanket tension recommended is 22

pounds and gives adequate margin against roarer/blanket collision.

• Since adequate system damplng (Sections 2.14 and 2.18), may inherently

exist In the PEP structure and _IS (partlcul•rlythe Joints), no damper was

included In the baseline deslgn. If additional damping I• required, po•slble

approaches are: lncludlng • damping mechanism with the compliance structure at

the array mast root, utilizing mast and array blanket designs wlth built-ln

damping properties, using the PEP glmb•l controller for active damping and

adding a vlscous-mass damper to the PEP wings. This latter approach was ana-

lyzed. The damper was mounted on the wing box cover (outer end of the array)

and can meet the one percent-of-erltlcalprellmln•ry damplng ratio requirement

(Sections 2. lq and 2.18) wlth a 5- to lO-pound total damper weight for both

wings.

t

The following recommendations are made for use In future work:

• The VRCS should be used for nomlnal llmlt cycle operations wlth the

deployed PEP when plume impingement occurs. °"

• Either the PRCS or VRCS may be used for limit cycle oper•tlon when no

significant plume impingementoccurs. .-

• The V_CS thrusters may be held on Indefinitely (except in roll as

MCOONNmLL OOUO_ 44
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I
t

i described below) when the array is not in the plume. Thus, large maneuver

rates are _ossible with the VRCS. For a full-on VRCS roll maneuver, the PEP

e.g. must be less than qO feet from the Orbiter centerllne or the array longl-

_- tudinal axis must not be close to perpendicular to the Orbiter roll axis.

_- • When no significant plume impingement occurs, PRCS maneuver rate maxl-

I mums of 0.15 to 0.35 deg/sec are recommended when the array longitudinal axis

parallels the plunge motion (no translation compllanoe)o Rates up to one

degree are posslble when the plunge motion is perpendicular to the array lon-

gitudlnal axis.

I • When significant plume impingement occurs, maneuver or limit cycle
J

rates should be llmited to 0.03 to O.Oq deg/sec. Thls can only be achieved

I with the VRCS because of the large PRCS minimum impulse bit.• The prellminary analysis presented herein should be repeated _rltha

more complex dynamic model. The model should include detalled modellng of mS

I mounting flexlbillty, RNS flexiblllty and non-llnear characteristics and a

detalled PEP model. The number of cases considered should be expended to

I verify worst case conditions have been identified.

-- • More detailed plume impingement analysis is required to define optimum

I P_S/PEP positions and solar array orientations as a function of Orbiter orlen-
- tatlon. Further analysls must consider Orbiter orientation and maneuver

I requirements in detail.

Approaeh/D Iscuss ion

I Figure 2.8-I defines three typlcal RNSIFEP positions. The solar array rotates

about the PEP Alpha and Beta glmbal axes from the positions shown. Additional

I variation is possible by altering the I_IS Joint angles while maintaining the
end effector wrist roll axls constant relative to the Orbit-:r. The typical

I Orblter orientation relative to the orbit plane, used with each RMSIPEP posi-tion Is noted. Positions 2 and 3 receive significant plume impingement from

the aft thrusters and all three ;osltlons can be in the plume of the forward

I thrusters.

I The simple model shown in Figure 2.8-2 was used to define the PEP mast root
loads and mS joint loads. The P'ISjoint loads were calculated by transforming

i the force (F) and moment (H) at the PEP center of gravity to the approprlate
C C

RMS joint position. The wing compliance modeled as a clocksprtng (K) at the

!
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I INOTE: 8OLAR ARRAY ROTATE8
ABOUTTHE• ANDpAXES ""

• FROMTHESEPORTIONS

!

y bJ i

T , FT I
FT

PORTIONN_. PEPPO_I1ON TYlqCAL OR_TER ORIENTATK_
1 FORWARD X - POP

2 LEFT Y - POP
2 LEFTAND BELOW Z -POP

Figure 2.8-1. Typical PEPIRMS Positions

81' M1 #c' Mc 02' M2

(_ WINGl WING2
r_i ._i

M = 10.8SLUG1158Kg)

m - 15.8 SLUG(232Kg)

J . _8sLuG-n2,z4.4Kg-M_
, - _._os,_oG-_(35,_oKg-M_)
L - 54.1FT(16.SM)

- 1.5FTI0.46M)

K - (I + mL2)oz, WHERE_ IS THECOMPLIANCE
FREOUENCY(RAD/SEC)

Figure 2.8-2. PEP Dynamic Model
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L
t

root of each wing represents mast compliance and/or blanket compliance and/or
a compliance spring specifically mounted at the mast root. This same model vas

* { used for dynamics both in and perpendicular to the solar array plane. The

;- position (X¢) and rotation (6 c) of the PEP center of gravity were calculated

as a function of Orbiter rotatlon for each of the configurations sho_m in

. Figure 2.8-1. Hast root moment and F045 Joint loads were calculated for a pitch

maneuver for MS/PEP Positions 1 and 3 and a yaw maneuver for Position 2..

: These maneuvers were analysed since they represent the longest lever arms for

PEP plunge motion for each configuration and lr4cluded a potential for plume

' impingement loads in addition to tnertla loads. Thus, they are expected to be
4"

worst case. The compliance or the MS was calculated based on a 0.3 Hz

_ no-payload cantilever _equency. 1
9

The plume tmplngemant forces and moments were calculated for MS/PEP Positions

2 and 3. They were applied to the model (Figure 2.8-2) as "FI" and "HI" and

the corresponding mast root moment and MS Joint moments determined. Since

Orbiter angular rate increment is proportional to thruster impulse, as is

plume impingement impulse, plume impingement impulse is proportional to angu-

: far rate increment. It should be noted, also, that slnoe the PRC$ and VRCS

thrusters are slmLlar, the impingement pressures are proportional to thrust

and so impingement impulse pc, incremental Orbiter rate is the for the

PRCS and VRC$. The PRCS. inimum l]apulse bit is much larger, however.

Since PEP center of gravity linear motion (Xc), rotational motion (9 c) and

plume impingement force and moment (F 1 and H1) are assumed to be linear func-

tions of' Orbiter rotation, the mast root torques and MS Joint torques can

easily be calculated for the single input disturbance, Orbiter rotation.

Loads were calculated based on Impulse rather than acceleration since MS and

PEP wing compliance was included. If the disturbance durations are short rela-

tive to the compliance oscillation periods of interest, the loads are linear

functions of disturbance impulse. _lls conservative assumption was made and is

" implicit in the results unless othervlse stated.

1HeDonnell Douglas Report HDC G7555 (Vol. 2), "Orbital Service Hodule Systems
Analysis Study Documentation, Technical Supporting Data," Paragraph 2.1.6,
dated December 1978.
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7

Preliminary solar array blanket tension kas defined using a detailed dynamic

Orblter/RHS/PEP model2. The specific model was of the offset, single blanket

with the PEP positioned similar to the Position 3 defined herein in Figure

2.8-1. A compliance spring mounted at each mast root with a rigid vlng canti-

lever frequen_'y of 0.02 Hz was utilized based on preliminary calculations. Th_

blanket tenslon selection was based on relative blanked/mast deflection

resulting tPom an Orbiter roll maneuver and the plume lmptngament load associ-

ated with a p_._,cnmaneuver. Hast root loads and EH$ Joint loads were alan cal-

culated ,%r these cases for various blanket tensions.

As noted in Sectlons 2.1_ and 2.18, some system dwplng is destrab!e to dlssi-

__:te dlsturbanoe-tnduced energy In the PEP. The structural damping will be

hard to define and is expected to be quite lo°d so damping may have to be de-

sigr, ed in. Tf a high compliance structure _C the mast root Is used, a damper

may be mounted along vlth the compliance structure to act against the compli-

ance motion. An alternate approach would be to place a viscous-sprzng- mass

damper somewhere on the solar array utng. The damping potential for this con-

cept was analyzed with the model shown in Figure 2.8-3.

Results

The rtgld body linear displacements of the PEP center of gravity (e.g.) are

shown in Figure 2.8_ for areal1 ro11, pitch, and yaw Orblter rotations for the

three R48/PEP positions In Figure 2.8-1. Using the =ode1 dertned In Figure

2.8-2, the 12 transfer functions in _lch apply to the array compliance axes

were derived (Table 2.8-1). The maximum value of the impulse response for each

transfer functlon was calculated (excluding the initial value if non-zero) and

ls als0 shown in Table 2.8-1. The magnitudes are shown as a function of the

wing cantilever trequenay (f). These transfer fu,tottons apply to both In and

out of the solar array plane motions. They do not apply to motions along the

PEP lo,gltudtnal axis or to rotations about that axis. The transfer functions

used for these lonngttudinal axis motions were based on an RH$ cantilever

frequency of O. 15 Hz and are also shown in Table 2.8-1. The O. 15 Hz EH3 "

frequency was derived by mounting a _2 slug (61_ KE) point mass (mass of PEP) ....

on an extended EH$ with an unloaded cantilever frequency of 0.3 Hz. 3 A point '.

2, 3ibid. I

-r. I
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dXKd MASS-

DAMPER
-! Md

M = 15.8 SLUG'(23?.Kg)

I = 25.700SLUG-Fi"z" (3.5,G00KgM2)

l ! = 54.1_ (16.5M)

L -" 115FT(35.1M)

K -- 1,136,':T-LBIRAD(0.02 Hz CANTILEVERFREQUENCY)

._ PARAMETERIZED

Kd = Md (2_fd}2 ON". fdand

! , +

i Figure 2.8-3. Mass-Damper Model

t

RMSIPEPPOSITIONl

i , - | 1.6,_[ NOTES
-- \-0.23 A0- 1.6A0

RMSIPEPPOSITION2 • ACD,AO, AO - ORBITERROLL,PITCH,YAW

-.- (A(_t / llA_ ) .ANGLESINDEGREES
: . - | 063 A _' • PEPTRANSLATIONSIN FEET(AX,AY _Z)

\-I.IA_- 0.63 &O
• RATESANDACCELERATIONSUSETHE"e"

':' J RMSIPEPPOSITION3 SAMEPROPORTIONALITYCONSTANTS

I - -0.59A_+0.63A¢,-051 A¢- 0.63 AO

T
J

L
Figure 2.8-4. PEP Translation to Orbiter Rotation Relaticms

E '

i: MCNItlNfLL l_4rP41Jo
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" Table 2.8-i_ PEP Load Transfer Functions

Input disturbance

Load _C(±_Ise¢) AOc(aeg/sec) Fl_t(lb/sec) M1At(t_-lb/sec)

Fc(lb) -125f 0 0.075f PEP

compliance

Mc(ft-lb) 0 -16,_00f -3'40f 6._f frequency
f  Hz)

Tl(ft-lb 5,350f -8,000f -335f 6.3f

FC(Ib) k0 - {]_translatf°rpEpC°mpliancelongitudinalion(0.15 Hz)

_ctft-lb) - 367 _RMS compliance (0.15 Hz)
|for rotation about
|longitudinal axis

Nomenclature

'C - change at center of gravity
Translation rate PEP (cg)

AeC - Rotational rate change at PEP cg

FI - Plume force impulse at wing i cg
MI - Plume moment impulse about wing i eg

, F_ - Force at PEP cg

MC -Moment about cg
TI - Mast roo_ moment (_ing i) "

ma,_s was used because it was assumed that the PEP rotational compliance was

much higher than the _S rotational compliance (about the two large moment of

inertia axes) and that the small PEP longitudinal axis moment of inertia had

little eff,,ct on the _S/PEP cantilever frequency. By using the translatio,

data in Ftgur _ 2.8-4 with the transfer functions in Table 2.8-1. the app/_ted

force and momen_ at the PEP -;.g. and the mast root moment were calculated for

an arbitrary Orbtt,,r rate change.

The force and moment a_ the wing e.g. are used for calculating the response to

plume impingement. Ftgwa 2.8-5 defines the steady-state VRCS plume force on

the solar array as a functi_,n of distance from the thruster for the conditions

noted. Flg.r -6 defines steady state mast root moment for variations on
° .

_S/PFP Posit_vq 2 for the array perpendicular to the thruster centerline (B :

90 degrees) aqd canted 45 degrees (B : _5 degrees). Since the impact pressure

on the array goes as the square of th_ sine _f the angle of incidence, a

45-degree cant reduces the load in halt, This dyilmlo load is attequated rela-

tive to the steady-state load by the shorh thrus_r firing time In c)njunctlon

with the wing compliance.

t so
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I
Plgure 2.8-7 corresponds to I_IS/PEP Posltlon 3 (Figure 2.8-1). The effects of

tlltlng the array about a transverse and Beta axes are shoun. The 10-degree

• transverse axis tilt increases the distance between the aft Jet and the array _;
by 10 to 17 feet (nominal of 38 feet) depending on th_ mS shoulder yaw posi- !64

tlon. As noted above, the load is attenuated by shorL, thruster firing time In
"i

conjunction vlth the wing compliance.

Based on the above impingement data. the maximum steady state aft VltCS plume

impingement forces and moments at the vlng e.g. are:

RHS/PEPposition Force (FI_ i4oment (HI_

2 -6.q lb (-¥) 90 ft-lb (_Z)

3 -7.q lb (+Z) 30{)ft-lb (+¥)

The PRCS forces and moments are about 36 times larger since the impact Feso

sure scales _rlththe thrust. Plume loads were not calculated for the forward

thrusters since It was assume that the effects ere similar or less severe

than f the aft thrusters. The aft WCS maximum plume loading for JHSIPEP

O4)

IO-OEG TiLT f • -

• RMS UPPER ARM DOWN

21 DEG DOWN FROM X-YPLANE ! O-DEG _

• ZERO ARRAY STATION
STEADY- IS COMPLIANCE
STATE SPRING HINGE LiNE
MAST _ ' lS=90DEG

4_I O-DEG TiLT

(FT-LB) _

_II_4DEGTiLT

2oo "1- '

o ,
0 2oo 4o0 coo I100 1.000 1.200 1A00I_

CENTERLINE JET IMPINGEMENT ARRAY STATION (kN.) -,
J

Figure2.8-7. VRCSPlumeLooN,RM$Podtkm3 (Z4N)P,YLV)
b.
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" ' I Position 1 is omall. The aft PRC__S5plume loads result In a maximum steady state
force and moment at the wing c.g. of about 3.2 lb and 62 ft-lb, respectively.

|._ Since the aft VRCSand PRCSthrusters have about the same lever arms from the

Orbiter e.g., the thruster impulse for a given rate change Is the same for the

I PRCSand VRCS. Ltkewise with the plume impingement impulse, l"nerefore, the
plume l.-plngement impulse is proportional to Orbiter rate change and tndepend-

' I ent of the thrust level. The impingement impulse per Orbiter rate change can
; be summarized as follows:

'1
_: _S/PEP position Force impulse (F 1 At) Homent impulse (M1 At)

" I (lb-sec/deg/see) (ft-lb-see/deg/see)

2 _90 6900

I 3 _.o ,9,ooo
i Using the data described above, the force and moment at the PEP e.g. and the timast root _-oment can be defined _or a given Orbiter rate change including

plume impingement effects. One conservatism should be kept In mind, however.

I The impulse response calculation assumes that the Orbiter rate change takes

place over a short time relative to the period of the compliance resonances

l being considered. If the acceleration occurs over a quarter of the compliance
period, the short duration pulse assumption t.-, conservative by about 11 per-

I cent. This corresponds to 1.7 seconds firing time for the _S compliance
frequency of 0.15 Hz and 1/(_f) seconds for an "f" Hz vlng compliance

i frequency. Corresponding rate changes are shown in Table 2.8-2.
The data described above defines the maximum force and moment at PEP e.g. and

I the maximum mast root moment for a given Orbiter rate change. The l_4SJoint
torques are calculated from the PEP c.g. force and moment and the appropriate

I lever armr.

The loads are proportional to Orbiter rate change and a function of the wing

I compliance frequency. Assuming a mexlmum allowable load defines a region of 1
allowable Orbiter rate changes and wing compliance frequencies, F2.gures 2.8-8, _

I -9 and -I0 define these regions for the three RNS/PEP positions and the condl -t
tlons noted. The maximum loads assumed are ultimate loads. The RNS joint load _

4

I limits are minimum brake-slip loads and the 200 ft-lb mast root load limit is _

4
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Tab]_ 2.8-2. Rate Changes for One-quarter Compllance-Perlod Firing r
L

. compliance frequency (Hz)

Thrusters 0.01 0.i 0.15 f
L

PRCS (two aft thrusters)

Roll 30 3 2 i:

Pitch 15 I.5 1,p

Yaw 15 1.5 1 "

VRCS

Roll (two thrusters )u O.50 O.050 O.033

Pitch (two aft thrusters) O.h3 0.0_3 0.029 _

Yaw (one aft thruster) 0.22 0.022 0.015 "
J

•One forward, one aft ....

Note: rates are in deg/sec _
|

10

LJll !

mu,

ORBIT PLANE

I

i

ARRAY
ALONG
Z-AXIS

_. z
NOTES:

• 0.15 Hz RMS/PEP CANTILEVER FREQUENCY
• PITCH MANEUVER

0_3 • VERY CONSERVATIVE FOR VRCS
• AFT THRUSTORS ONLY

i CURVE

1) MAST ROOT MOMENT - 200 FT-L_
:_ 2) RMS WRIST PITCH MOMENT - 20C FT-LB

3) RMS ELBOW PITCH MOMENT - 410 FT.LB
4) RMS SHOULDER PITCH MOMENT - 5115FT-LB

0.1 -- ARRAY ALONG Y-AXIS

0.01 0.02 0.04 0.1 _ _ ,,m ARRAY ALONG Z.AXIS
WING COMPLIANCE FREQUENCY

IH,) " '

Figure 2.8-8. PEP Complilnce Frequency VlrSUl Pil:h Rate Change, PEPIRM$ Position I --

rw
i
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I _. I_/ARRAY

ARRAY PLAN I$ X-Z PLANE
FOR PLUME IMPINGEMENT

| ARRAY _'_

(I ALONG i J

ORBITI PLANE

NOTES:• 0.16 Hz RMS/I'EP CANTILEVER FREGUENCY
• YAW MANEUVER

CURVES

1) MAST ROOTMOMENT - 200 FT-LB
2) RMS WRIST YAW MOMENT - 200 FT-LB
3) RM$ SHOULDER YAW MOMENT - 505 FT-LB

1 " ARRAY ALONG Z AXIS

" i el ARRAY ALONG XJU(IS• (NO PLUME IMPINGEMENT)
ARRAY ALONG X-AXIS, PARALLEL

.... ''" TO X-Z PLANE (PLUME IMPINGEMENT
I EFFECTS ONLY)

_ MINIMUM RATE CHANGE WITH PRCS!
I. 001 0A2 OO4 0.1

WING COMPLIANCE FREOUENCY

T"

. the preliminary design load and includes a blanket tension bias load of 33[-

_. t_-lb (22-1b blanket tension). Selecting a mast ultlmate load capability of

200 ft-lb results in rate change constraints imposed by the mast being similar

•|- to those imposed by the F_t$ wlst Joints which are 200 ft-lb. The rate changesI
on Figures 2.8-8 through -10 scale proportionally to the allowable loads

?-

assumed except for m. st root moment which has a bias of 33 ft-lb due to the
blanket tension of 22 lb. Thus, the mast-root-moment rate changes scale pro-

_- porttonally with the assumed load minus 33 ft-lb rather than _rlth the assumed
• . load.

y-

Note that the data on Figures 2.8-8 thrcugh 2.8-10 become more conservative as
l

the firing time required to achieve the rate increases, These curves are very

I: conservative for the VRCSexcept for the plum_' impingement data where the rate
changes are mat1. Table 2,8-2 defines the rate changes that result in about

_- :-, 11 percent conservatism (firing time of l/q of a compliance oscillation
!
;I. NriOd).

_IIUII'ILIL ll_OIt,,'lm

2--" ;

d, _1
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Y

1 _.l IMPINGEMENT

[ NOTES:

.._ 0.1 • 0.16 Hz PEPjq_ISCANTILEVER FREQUENCY

• PITCH MANEUVER

• SOLAR ARRAY ALONG X-AXIS . .

CURVES

:E 1) MAST ROOT MOMENT " 200 FT-LB

0.02 PITCH MOMENT- 506 FT-LB

i 4) RM$ SHOULDER YAW MOMENT 5e6 FT-LB

m NO PLUME IMPINGEMENT

0.01 J_-" "Ib_b J J, .,, m PLUME IMPINGEMENT EFFECTSONLY
(ARRAY PARALLEL TO X-Y PLANE)

MINIMUM RATE CHANGE FOR PRC5

0.01 0.02 0.04 0.1

WING COMPLIANCE FREQUENCY (Ha)

Figure2.8-10.PEPComplianceFrequencyVersusPitchRateChange,RMS/PEPPosition3

The constraints which apply to the VRCSare primarily due to plume Impingement

effect_ (Figures 2.8-9 and -10). The mast root and RH5 Joint Jnertta loads

associated with the VRCSare acceptable when continuously firing except for

ro!1 maneuvers with the PEP --.g. over _10feet from the Orbiter X-ax£s and the

solar array oriented perpendicular to the OrbXter X-axis. its discussed :Ln

Paragraph 2.18, the VRCSpitch and yaw 11mXt cycle rates expected are +0.006

dog/see or rate changes of 0.012 dog/see. With the array £n the plume, some

wing compliance Is re_ulred to matntaJn the mast root moment under 200 ft-lb

during VRC5 limit cycle (Flgurea 2.8-9 and -10). For I_IS/PEP Position 3, the

wing compliance frequency must be less than 0.05 Hz. 51nce large uncertainties

are likely regarding plume lmplngoment effects, at least s factor of two mar-

gin la desirable. Based on this thlnktn_, a preliminary design wing compliance

frequency of 0.02 Hz was chosen. Thls compliance applles to motion perpendicu-

lar t_ the array plane. _.

RIWI_I_ONNELL _UO
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[
; | The PRC$maxlmum pltch and )-aw llmlt cycle rates described In Paragraph 2.18
l- ib

were +_0.06 deg/_ec or rate changes of 0.12 deg/sec. F__gures 2.8-9 and -10 show

' r that wing compliance f_equeneles below 0.01 Hz would be required to reduce
• , • loads to acceptable values for these PRC$llmlt cycle conditions when plume

lmpLngement occurs. Thus,PRC3 llmlt cycle with plume Lmpingement is notallowed by the basellne wing compliance tYequency of 0.02 Hz.

Haneuver rate limitations can also be determined from Figures 2.8-8 throughf

-10. Whenplume Impingement ls slgnlfLeant, maneuver rate changes must be less

than 0.03-0.0_ deg/sec for the basellne wlng compliance. Feathering the arrayto the plume using the Beta glmbal could be used to reduce plume loads

: significantly for maneuvers. Also, ttltln8 the array as shown In Figure 2.8-7I"

1, can reduce load someMbat. Whenplume loads are not significant, allowable

maneuver rate changes are much greater (typically over 0.25 deg/seo).

The maneuver rate limitations ere a strong tUnctlon of array orientation rela-

ttve to the maneuver axis. When the array longitudinal axls is along themaneuver axis, the wing compliance concept allows for load reduction to both

I" plunge and rotational motions. The _rlng compliance concept does not lnclude

compliance for plunge motion along the array longitudinal axis. The _HS O. 15

Hz cantilever frequency assumption provldes the only compliance for the

t basellne for The allowable rate ls
configuration long ltudlnal plunge. maneuver

a function of wlng compliance, however, because most bending momenta do con-

I Lain a component due to rotatlon _lch ls a tunctlon of the wlng compliance
(Curve 4, Flgure 2.8-10 ls an exception).

As discussed above, plume effects require significant wing compliance for

motion out of the array plane. Flgures 2.8-8 through -10 show that significant

wln8 compliance is also necessary to allow maneuver rates uslng the PRCS above
0.08 to 0.1 deg/emc. This requirement applles to wln8 deflections in the array

I plane as well as out of the array plane as required by plume considerations.Thus, wing compliance both along the array transverse axls and perpendicular

I to the array were included In the baseline. The perpendicular axis compliancefrequency was preliminarily chosen the same as the transverse axis (0.02 Hz)

so that out of plume maneuver capability would be tnde_:_dent of orbit Beta

angle (Beta glmbal angle position), klso, it can be noted that the allowable

rate change beglns to decrease rapldly for wing compliance frequencies above

0.02 Hz.

_ 57
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Since the allowab]e maneuver rates with the array perpendicular to the maneu-

ver axis may be lower than required (Spaoelab II requires a 0.25 deg/sec pitch

maneuver), I_S/PEP position and array orientation constraints may be required

for certain maneuvers. This is quite feasible since many I_S degrees of

freedom allow wide variations on the three ]_MS/PEPpositions discussed here.

Hisston specific analysts Will be required to define operating procedures for

• each mission.

Add.tng an additional compliance along the array longitudinal axis would reduce

the load sensitivities to the array orientation�maneuver axis relationship.

Hechantzlng this type of compliance appears more complex than the wing compll

ances modeled for this analysis. Therefore, since no clear requirement was

seen for this general maneuver capability, longitudinal compliance was not

included in the baseline.

The wing compliance discussed above can result from many places Including

array mast flexibility, array blanket flexibility on a specifically Inclvded

compllance structure at the root of the mast. The strength requirement for the

mast (200 ft-lb) forced the mast stiffness up to a value which precluded Wing

cantllever frequencies near the 0.02 Hz requirement.

The baseline array Is a single blanket per wing, clearlng the mast by 13

inches. Dynamic clearance between the blenket and the mast was analyzed and

the results shown as o function of blanket tension on Figure 2.8-11. This data

was generated With the detailed finite element model defined in the
4

Reference. The _4SIPFP position analyzed was similar to Position 3 defined

herein. The plume load clearances were determined With the array rotated under

an aft VRCS thrus_.erand the inertia loedlng with the array along the Crbiter

Y-axls. A preliminary blanket tension of 22 pounds was chosen to p_'ovldea

factor of two clearance margin. A blanket frequency of 0.088 Hz resulted which

is higher than the desired 0.02 Hz wlng compliance previously discussed. Since

neither the mast or the blanket could provide the needed wing compllance, it

was decided to basellne the compllance at the root of the mast.

A comparison of the loads generateu by the model shown in Figure 2.8-2 used in

this analysis and the more detailed model described in the Reference5 showed

the simpler model used here to be conservative. The case compared was 0.25

deg/sec roll maneuver With _4SIPEP Position 3 and the array along the Orbiter

4,5
Ibld
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...... ........I _ 12 -- /REACTION TO VRCS

*.. _ X _CLEAR_MCE /DIRECT PLUME/ IMPINGEMENTFROM
> 10 - _ /10_ETER DISTANCEWITH

[" _ , / 0.012 DEG/SECIMPULSE

INERTIAL REACTIONTO / ___[. 6 025 DEG/SECROLL _ _-_._MANEUVER WITH PRCS -_
. I
_" 4- I

® 2- I
I

I I I I I I I I I I I I I I0 2 4 6 8 10 12 14 16 18 20 22 24 26 26 30

TOTAL BLANKETTENSION (LB)
I I I

( 0.0G0 0.O73 O.O88
I

FIRSTMOOEBLANKETNATURAL FREQUENCY(Hz)

F_um 2.8-11 H_INw Blanket Tenlon Is B_nk_ DyMm_ Cl_rm
!
I
L

Y-axis. Two blanket tensions were analyzed wlth the finite element model of

- the Reference. 6 The results are:

I Reference 7 model
Model from blanket tension

I Lo__dd Figure 2.8-2 22 lb 10 lb :

Mast rootmoment(Fc-lb) 87 70 _8

j RMS_lst pttoh moment (ft-lb) 1_5 100 83
?.

The additional flexibility In the detall model relattve tto the simple rlgtd-

i_ wing model results in the lower loads.

" 3eotlons 2.14 and 2.18 identify a requirement for meohantcal damping of thecompliance structure modes. $inoe the damptn8 requirement may be as low as one

percent of oritloal, a visoous-sprtns-mass damper module mounted at the outer

- 6,7ibld
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. end of the mast was considered. Figure 2.8-3 shows the analysis model. The !

system damping was evaluated for various damper system parameter values. The l

Imain consideration was weight since the damping system represents added mass
e.

to the system. Table 2.8-3 contains the results. The optimum damping system

(maximum system damping for a given damper weight) was not defirJed, but it is "

clear that system damping well in excess of one percent of critical is possi-

ble with small damper mass values relative to the total wing weight of 509 J

pound s.

Table 2.8-3. System Damping With Mass Damper

System damping (percent of critical)

Damper Damper frequency (Hz)
md damping-- x I00"
r: ratio O.01 0.015 0.02 0.04

0.2 0.23 0.75 1.9+ 0.06

0.5 0.7 0.h7 0.57 0.50 1.Z
1.5 0.37 0.30 0.23 0.09

0.2 0.h7 1.5 4.0+ 1.0

! 0.7 0.95 1.1 0.98 0.22

1.5 o.74 o.59 0.45 o.18

0.2 0.93 2.8 6.3+ 0.19

2 0.7 1.9 2.3 1.9 0.40

].5 1.5 1.1 O.87 0.34

0.2 2.3 6.3+ 6.2 0.35

5 0.7 4.8 5.6 4.2 0.80

1.5 3.5 2.6 1.9 0.73

0.2 h.3 i0 5.h 0.h6

i0 0.7 9.9 ii+ 6.6 1.2

1.5 6.2 h.1 3.2 i.i

0.2 8.0 8.9 h.3 0.05
20 O.7 21+ 16 8.0 i.4

1.5 i0 6.6 h.6 1.5

*Ratio of damper mass to wing mass in percent
+_!aximu::lvalues

Notes: 0.02 Hz wing compliance frequency
Based on model on Figure 2.8-3

; MCDONNELL DOU(._'AS_
" _ 4
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• !: 2.9 PEP GIHBAL I_FINITION

Ob,teetlve

;' 1 The objective o£ this task Is to define the gtmbal meohanism required £or PEP

i • to a level suitable £or concept validation and speel£1oatlon preparation.

I Conclusions and iteeommendatlona
Based on the PEP re£erenee design £or the ADA, the available envelope £or the

I twe-uts glmbal assembly Is adequate to provlde the required functions.

The critical design development element within the gJabal assembly is the

1 mechanism used to trans£er the high current power elreults together with the

' sensitive low power instrumentation and control olrcutts across the contlnu-

I ously rotating Alpha axis Joint. Althoush the technology exists to solve this
design problem it will require development te_ting o1` speol1`io designs to dem-

I onstrate _unction and reliability o£ this element. The £1rst phase o£ this
development is underway as part o1" RTOP 906-51. It Is recommended that this

i e1"1"ort be continued as a ITe-ATP development item.
Approach

I Using the re1"erence con£1guratton 1`or PEP the glmbal assembly requirements
were derlved. These requirements established envelope, axis relative location,

I torque, rate, nut bar o1" power and signal conductors, current levels, voltagelevels, voltage drop across the slip rings, drive power limits, travel, etc.

i From these requirements a preliminary specl1"icstton has been prepared _htchcan easily be converted Into the 1"trial procurement spect1"toatton. In addition,

a conceptual layout was done primarily to evaluate mechanism sizes, gear

I ratios and envelope restrictions. V

I ResultsFigure 2.9-1 Illustrates the relationship between the HHS, power cable, glmbal

assembly, and ADA structure. The gfmbel assembly Al_ha axis rotor is equipped

with a standgrd design grapple fixture which interfaces with the SPEE. The

power cable connector is 1"lxed to the external aur1"ace o1" the SPEEand a1"ter

the mechanical between the 1"ixture and the
hookup grapple SPEE is made, the

electromachanical actuator which is attached to the glmbal assembly engages

the power cable electrical connectors.

" "," • 61
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ELECTRONICCOMP ENDEFFECTOR t
: RADIATIONAREAS • ;

RMSARM I
-;

f

ELBOW WRIST -
PITCH • t

.!

RMS/ORBITER VIEWLOOKINGINBOARD- PORTSIDE UMBILICAL
INTERFACE . }

ALPHA GIMBAL
GIMBAL BRACKET

•ADA
STRUCTURE

POWER
CABLE

RMSGRAPPI CONNECTOR
GIMBALRETRACTABLE

FIXTURE FIXED CONNECTOR ACTUATOR
CONNECTOR

F_um 2.9-1. RMS Power Cable _nd Gimbd _mlNmutic

Figure 2.9-2 illustrates the conceptual layout which was produced to explore

the drive concept and envelope restriction. The design uses a unique planetary

£riction drive system incorporating dual motors. Conventional slip rings and

brushes are shown £or the electrical power transCer mechanism. Since thls lay-

out was produced additional study has indicated that redundant drive motors

are probably not necessary. The ADAcan be stowed in the Orbiter bay by the

RMSwith the gimbal in any position within Its limits o£ travel. Therefore, a

motor failure would not constitute a safety hazard or loss of the array. Addi-

tional work under RTOP-906-51 is exploring the use o£ an invention by Sperry

Fllght Systems called Roll-Rings to replace conventional sllp ring-brush

assemblies.

The preliminary specification £or the PEP gtmbal is contained in Appendix B.

The requirements £or the performance o£ the Alpha and Beta drive system_ are

identical except £or travel. Thls w111 allow a common drlve system to be used

on both axes. The stall torque mlnlm_m limlt was based on retaining the abll-

ity of the gimbal to track during plume loads on the array combined with

: 62

"--_:_ ....... _ .............. _-" ' ri .........

1979025068-067



. . . . . • • .

t .

. o_. _ \ I"_
IKIIITION ENCOOIKR

.... hOT,nONmXOS. _'" _ '_ i,

__ li..............._'_" :1 _.-F-- --1-

, PiNiON--,, , -_,, : , , ' _ ,

i. ] arrANOAaD ."

FRtCTIQN DIRIV| $13_ RING8

- REDUNDANT MOTOII8

I" F_m _[ PEP Gli
I

dyna:lc loads. The maximum stall torque is specified to a level below the

bending strength of the mast. The rate is based on dynamic considerations of

tracking _uring an Orbiter maneuver and the potential of using g_nhsl motion
i

i to impart damping to array oscillations.

The welght of the gtmbal assembly is specified as _0 pounds. This Is based on

a target weight of the complete assembly Including umbllt-.al actuator anC

grapple fixture of 73 pounds.

The sllp rlng assembly carries 12 wires Cslx circuits) for the solar array

power. These circuits are specified to carry 60 maps at a voltage from 90 tn

2qO. The current level was derived i_om the power system analysis for the max-

Lmum current level expected. There are 24 wires for low power, instrumentation

and control. These vires match the circuits of the MS and SPEE.

: The maximum voltase drop requirements were based on 3perry Flight Systems data

on Ro)l-Ring performance.

i The envelo, e and electrical schematic show three connectors w_th four pins

each for the power hookup. Further study into connector availability and har-

I mess fabrication indicates that four maller connector 1 with three pins each
would be more competible with the power system diode asser, lbltea.

o.
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_: 2.10 HAST AND CANT.qTER PRELIMINARY DESIGN CRITERIA

• _ Objective

"_ The objeQtlve of this task was _o assess array/mast deployment kt,_emattcs, ,i

: operational and maneuver loads anC PEP configuration concepts to develop

design criteria for preliminary siz:'ng and concept selection for the array

wing mast and its related stowage canister.

Conclusions

The analysis concluded that the mast and canister sizing used in the PE_

con£tgurattons is realistically representat._ve for the deployment, maneuver

and Orbiter VRCS plume loads derived as a resczlt o£ the dynamic analysis

reporte_ in Section 2.8. AHreemen_ has been obt._tned z_om two commercial

sources o£ stowable masts as _o that cotnion. One commercial so_rce presented

later advance material indicating that new concepts evolving for cotlable

masts may yield substantially smaller canister dtametez's £or the same strength

t£ lower bending sti£fness is acceptable. Such concepts sh._uld be p,Jrsued in

the future, since lower mast sti£fness results in loker natura'_ frequency, and

the compliance requirement necessary within the wing canister central support

would be leas and may be m_re easily implemented. The mast £or the re£erence

con£tguratton requires a bending strength of lq.q .t't-lb llmit, 200 £t-lb ulti-

mate, has a deployed length o£ lq50 inches, and is contai,ed Ln a canister 21

inches in diameter and 55.7 inches long.

Approach

The overall sizing of the mast is derived from the deployed geometry of the

so_ar array blanket _.nd the blanket tensioning loads, maneuver loads and ACS

plume impingement loads on the blankeb.

Blanket tensioning provides a continuous compression load, and due to its

eccentric location, a continuous bending moment on the mast. These load condi-

tions are selected in conjunction with the mast stlffness to e,Jtabllsh the

nominal steady state clearance between the blanket and the mast longerons (due

to mast bowlng). This cleaarance Is necessary to minimize impact of the blan-

ket with its solar cells against the mast as the result of dynamic flexv-e of

the bla,)ket and the mast. ThA principal determination of mast bendlng strength

stems from the ACS plume loads on the blanket, in /'act,for the worst case

conditioning plume loading was approximately 70 percent o/` the design loading.

QW

/
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I Variations iT, . -" _onfiguration3 such as the geometry resulting £rom the

rotating canister concept (the reference configuration, _ and from the fixed

I canister show 10 variation in design
con£tguratton approximately percen_

bendlng moment. Flgure 2.10-I compares the reference configuration with the

I fixed canister concept first with the canister located _th the same mast cen-
trot_ to ;)la-.ket distance and second with the same mast '_ont;eron to b-'anket

I clearance.

B_m _ 8_m

i [-t. ___J L_ - 1
| ROTATINGCAN'S]_R FIXEDCANIS_R
I

A MASTCEN_OIDTOBLANKET A

| t ;8.5,,,..i l 18.5,N.I I _ ,N.IMASTLONGERONi"OBLANKETCLEARANCE
B B

(i3.?lN.( (NOTINCLUDING/_STBOWlNG_ [ z3.35,N.I I z3Z,N.]
I ME _tASTDESIGNBENDINGMOMENT ME

I200LB-_rJ (ULTIMA1E) [ 212LB-FTJ ] 22]LB-FTJ
R MASTSIZE R

MASTANDCANISTER_IGHT

I [ 128LB J ! 138LB J [ 141L8 J

. Figure 2.1;1. FixM and Rolabng CanbWr Sizing

The general mast column loading which is due to blanket tensioning ia rela-

tively low, approximately 22 pounds. The column load during the last few

inches o£ mast retraction or extension t'rom the canister atems £rom the solar

"- array box cover locking (or LmlocicLng) loads is approximately lqO pounds.

• There is a.q associated bendi,_, moment which requires special treat_._t o£ that

.. terminal portion o£ the mast to accommodate.

The _eployment rate £or the mast and blanket _s keyed to accomplishing £ull

deployment in a 6-15 minute time range. In order _o achieve this kind o£

deployment time, the mast rates are too high to satis£actor_ly lock the box

65
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Table 2.10-1. PEP Hast Requlremants I

1. T_j_e--Au_omatlcally deployed and retractable mast uslng open lattlce ._

t structure. The mast may be either a continuous lo,geron or an articulated
lorqgeron.

]
! 2. Dep!oyed length--l_50 inches !

3. BendinG moment--lq3 £t lbs limit, 200 £t lbs ultxmate _

,, q. Compressive load--20 lb C £ull extension, 1_0 lb @ 0 to 10 in. extension :

5. Tension 1oadNlq0 lb @ 0 to 10 In. extension

6. Extension/retraction rate--Nomal rate _111 be 4 Inches/second. The rate
f_om 0 to 10 inches extension shall be 0.4 Inch per second.

7. Canister nut drive--The canister drive shall be equipped with redundant 28
volt DC motors. F_tenslon and retraction shall be possible wlth elther
motor Inoperative. A two speed drlve system shall be incorporated which
will allow shl£tlng from the 0.q to q.O inches per second by applylng a
11]Dvolt/TBD emps signal to the gear box control. The maxlmumpower to be
consumed by the drive system when operating at maxlmum rate or maxlmum
load shall be 100 watts.

/

8. Welght_The canister, drlve sysetem and mast shall not exceed 132 pounds.

9. Ll£e--The mast and associated mechanism shall have a use£ul lt£e without
maintenance o£ 100 minimum extension/retraction cycles.

10. Altitude--The operation o£ the mast v111 be at sea level £or test and
checkout and at an altitude of qO0 nautical tulles maximum.

Hast Preliminary de=tgn

Canisters: Diameter--21 inches, Length--55.7 1riches

Hast: D1emeter_18.96 inches, El-_Sq.23 x 106 lb ln2

cover and provide acceptable canister rotation rates In the regerence

con£tguratton concept o£ sel£ rotating canisters. There£ore, a two soeed rate

technique is necessary and vlth approximately a 10:1 ratio o£ rates.

Redundant motors for the mast deplo_aent/retractton are considered necessary.

' Other implementations are acceptable; however, this study has conceived a con-

cept whereln the dual motors are used to provide the dual deployment rate (one 11'
Imotor for low rate, both motors £or high rate) as well as redundancy (etthe,

motor provldes low rate).

!
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I
• I Results

The results of thts analysis ere presented as dimensional characteristics of

I PEP shorn in configuration figures in Volume II and In ,
Table 2. 10-1 PEP Hast

: Preliminary Design Requirements.

2.11 STRUCTURALNOOELINGANDDYNAMICANALYSIS

m objectiveThe _Jeetlve of thls task was the analytical slmulatlon of the PEP array

deplo_ent assembly and the use of thls simulation In a dyn_Io analysls to

obtain load factors. These were used to demonstrate that the deslgn would

maintain Its structural Integrity when subjected to the transient environments

I at llftoff and landing.

I Conclusions and RecommendationsComparisons of specification load factors from Table 4.2-2 of Volume q, PEP

Environmental Specifications, and computed load factors lndloate positive ma.--

m gins of safely, since computed load factors are generally well below

specification values. For the case of 11ftoff in the X ar _ Z directions, the

I load factors to the specification values. However,
co=puLed are nearly equal

because of the very conservative nature of the analysls _hleh neglects

I phasing, the actual load factors would be below the specification levels.

This load factor approach and the conclusions reached from this method are

I applicable to Ftaary structure In the preliminary design phase. When the

array deployment assembly design becomes more definitive, a dynamic analysis

I will be performed in whlch an expanded mathematical model of the array deploy-
ment a.qsembly w111 be coupled to the Space Transportlon System and structural

I member loads v111 be obtalned as a function of time.

Approach

I The PEP array deployment assembly was dynamically modeled using the Nastran
Computer Program. NASTRAN(Version 48), which was used, is a rlnlte element

I computer program _hteh is designed to analyze large complex structures for a
variety of structural problems. _iat;¢._atlcal models of structures may be con-

strutted from the different finite e:lemeht.- of the program and either staticor dynamic analysts performed or; the model. Some analytical procedures In the

I
o

,Q
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I •

program include: static response to applied loads, _hermal expansion, and ._
i

|reposed deformations; dynamic response to time dependent loads, steady-state

sinusoidal loads, and random loads; computation of the natural modes of vll_ra- e ;..
i tton. The PEP was idealized as an assemblage oC quadrilateral plates, trtangu- i

1at plates, and beam elaments. A total of 180 grtdpointa vere used to define i I _
: the PEP geometry, and the final system totaled 33_ degrees of freedom. Figures "" I

, 2.11-1, -2 and -3 present _hematies of the mathematical model. Also, : !

definitions of the grldpoints, coordinate system, elements, material proper- : ;

ties and constraints are given in Tables 2.11-1 through-G.

Figure 2.11-1. Perspective View of PEP Array Deployment Anomaly Model L,_

From the dynamic model, the first 17 constrained modes of vibration were com-

p,ted. These modes ranged in frequency of 5.65 to 49.54 Hz and are listed in

Table 2.11-7. !

!.
Shock spectra f_om a previous analysis of the Shuttle transport/cradle system -- I

with a 2320-1b baseline s?acecraft were then used to define the Individual . . '_

mod_l responses. These spectra _htoh are sho_n on Figures 2.11-4 through-9 ''

are envelopes of 10 ltf_off and five 6 ft per sec landing conditions.

2" _ _t_ONNI_I.L DOU_
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I
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, I Figure2.11-2. Front View (+x) of Array OeploymentAssemblyModel

! x
12 •

!
32

| ' ,

I \,v
GRID POINT 12 CONSTRAINED IN • DIRECTION

GRID POINT 32 CONSTRAINED IN y DIRECTION
GRID POINT 82 CONSTRAINED IN x AND : OIRECTION

GRID POINT 144 CONSTRAINED IN x. y AND • DIRECTION

I Figure2.11-3. TopView (z) of PEPArrayDeploymentAssemblyModel

I Maximum spectrum values were used to compute the modal responses, which were

squared and summed. The square root of the sum for any direction was then cora-

l puted for the load factors.

Results

I The results of a:la!ysis are presented on Table 2.11-8. The computed load
factors are well below the specificat'_n values except for the case of liftoff

"" in the X and Z directions. However, as noted, the analytical approach is con-

"" servative and the refined load factnrs will be below th_ specification levels.

o-

1979025068-074



Table 2.11-1. Array Deplo}_nent Assembly _ath _odel

Gridpoint Definition (Page 1 of 4)

X Y Z
_RDSET. % 1

GR!D E 0,0 4d,5 O,O
• iGR_5 '4 6,9 44,_ Os9

ORID S 6,9 4d,S sO,O .. !

GRID ? OoO 4d,_ =§,0 :
GRID e 0|,? 4_,0 ,I,O
...u ; v,u _,_- 0• mg I

OR_ t0 3o6 dS,O =OsO
ORtD U ?,_ 4_.0 =O,O
-_,u _. =.,_ ;_.0 .....-;,_
GRID _ =So? a_,O -9,3
GRID t4 0,0 _,O "9,3

_lw- _JSW e I_

GR_D t6 ?,I. "4_,0 "9,3
GRi_ I? -'t,? 4L, P "l,O
_lm dJ rid-

GRID _g 3,? 4_,5 0,0
GRID 20 ?,4 4L, P 0,0

GRID EJ 0,0 EO,3 0,0
GRID 26 4,? 20,3 Do0

GRID 20 9,S _6.8 "O,O
ORID 20 4,? _0,3 tO,O

Vl_ k_t_ w_|'O

GRID 31 "#,? _,0 "0,0
GRiD 3a "104 %P,O "%P,_

GR_D 3d =41_ _o0 0%|,_
ORtD 3D 0,0 _P,O O,O

GRID 3? OoO IP, O "%0,5
GRID 30 _09 SP,O _,C

onto dO S,9 1_.0 -_O,S

GRYD 43 1{,8 _,0 =_0,5
GRiD 4_ =9,2 13.0 -0,0

=S,'? :=,0 =0,0
GRID 47 "4_2 _=,0 "_2,0

= 70
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GRID 48 0,0 1_,0 0,0
_RID J9 0,0 %3,0 -6,0

6RID _2 6,0 %_,0 "0,0

GRI= B| 0,0 ?,_ e,O

_n_ _ _Wt_ _ I _ _t_

GRID 6_ _3,0 ?,! "O,O
GRID 62 6tg ?,_ mO,O
_6_ _ ' ' e I _ --il_

GRID _4 -_,? 3,0 *§_0
GRt_ 6_ 6,_ ?,P _0,8
_'... _ ......... _ _ .,. ...
GRID 6? %3,0 ?,_ g?,6
GRI_ _8 %3,0 ?,| P,O

GRID ?O 6t_ 3,0 =_oO
GRID 71 %|10 )_0 *OmO

GRIO ?3 0,0 0,0 _,0
GRID 74 6,5 O,O 10,6

ORID ?? 13_0 O,_ 9,0

GRID ?_ $310 0,0 eaiO
ORID OO 6,) 0_0 mO,O

- _ _l u | W

aRID 82 "8,I 0.0 "9,_
ORI) 83 -|,? Q.O ,I,_

' " v_ _1_ VIM _=1_

GRID 85 6,5 0,0 "9,_
_RID 86 13,0 0,0 "9,_

, GRI_ OB 1,2 "3,0 "0,0
ORI_ 8g 6,9 _3,_ oO_O

GRID 91 O,O "),) 0,0

GRID 96 I$,0 w?,_ t?,6 "
ORI_ 9_ 13,0 "?,_ 9,0

_RI_ 9? 6,5 =?,5 _,0

71
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Table 2.11-i. Ar_'ay Deplo_mtent Assembly Math Model

Oridpoint Definition (Page 3 of _)

GR;D . _,o o,o ,,o --i.
ORID _9 30,0 0,0 _,0 t
ORIO _OQ 45,0 0,0 9,0 t

QR_ _.0| 85,S 0+0 0,0 i.

GR|O 191 137,0 _,0 P,O "" ,
GRtD _'| _|S.? 0,0 ;,0 i'

ont_ _Ot _io,? e,O _O,S

..... " M_*_ _ _I ¥ _ I_ I_

GR_D _|! 160o? 0,0 "|,S

ORtD _3_ _l_,? =?,P 17,6

"rl

GRID _3_ _?2.d "_.0 =8,P
GRID 13_ 266,4 "4,_ "O,S ,

GR|D 131 $_3_2 "?,_ *Oa_

_t_ _ t_ _ _I • _ _ , ,

GRI_ 241 _3.7 _.0 -_O,S

O_ D 1 _1_,2 O.O ,_O,S
enid _e_ 9.s _3,P _,o

72
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'I'able "'.ll-',,. A_'r-L .'t'_ioys_ont Assenff!) _ ",lath ".,_i,_!

;_'i !poit_t Pet'inition (Pa_e h e'" li)
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ITable 2.11-2. Nastran A Se_
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'"able2.11-3. A_'ray Deployment Assembly Math Model
- Bea_ Elements (Page 2 of 2)

I
/
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(

TM_Ie '_ii-_. .\r_:_vJ_eo]ov:'lentAsr_,nbly _.lathModel :

_ua_]r]Jate1"alFlatc Elements (_'a[teI c" _

-I
{

• CQuAD4 _0_ _ 2 _ 6 ?
COu,D4 I_ ; 3 d _ 6

; COuAn4 io_ 2 2 _ _9 18

COU,_4 _0_ ; _| 19 22 23 ._
i COUAD4 _0_ _ _ 20 Ri 22

COU,D4 10; 3 10 _I 21 21
COLJAD4 109 _ 6 7 9 10

COUAD4 t_ 3 _ 7 9 8
¢0U_4 lt_ 3 8 9 R_ _7

C_IJ_4 I14 _ _9 RO R_ 26

COULD4 11_ ; 2_; 23 30 29

COULD4 l_ _ 2S 26 _9 _0
__ C0U4_4 12_ _ 26 27 R§ 29

C=U,_4 12! _ R|' 26 38 3_
-" CQUAD4 _2_ _ 26- _Y 4_ 3_

COULD4 _ _ 29 30 36 39

COULD4 _2_ _ 33 3_ 37 36

COU*D4 13; _ 36 37 40 3_

COULD4 IB_ ._ 31 "" 45 44

COLJAD4 13Q _ 38 4_ S4 5_

COU4D4 14! _ 33, _ 49 46

C_UAD4 14_ Z 44 4_ 47 46

_-; 77
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L,

iii
Table 2.11-2. Array Dep]o_ent Assembly Hath Model

Quadrilateral Plate _lements (Page 2 of 3)

COUAD_ _I i 46 48 9D _7
C_UAD4 _31 % 4B _ B9 5a _,

"-'_ _UAD4 _51 _ 5% P_ 6Q 59

COUAD4 _9_ ,i 5I _P 81 68 _--.
C_UAD4 _Di .l 49 Pt 62 63

COUAD_ ¢57 i 58 59 YO 69

COuA_ _0 .i 6| 6|. _9 70

COUAD_ 16# 3 6t ?0 80 _

...... • .-i 5 ,.-- o. _ e___W_ &_ _ #& -, _

COu_D_ li! _ nO el nO 89
OOUA_4 _6_ -3 ?P 80 09 90

..... _U_: "'" , "" "-
C0UADd %_1 _ _9 60 60 6P
COULD4 I?Q _ 5B 59 ?D 69

COUAD4 $?i ._ Ot-" _9 97 9_,

COUAD4 =79 % 6? _5 ?T ?6
_AII_A _d

• w 9;

" CSUAD4 I?T % 77t 7p O_ 9P

COu_Di _a; % 7B _9 _0 96
C0U4_4 _P@ I 56 6_ ?l ?3
l.llllJ SOl a tl it I_ q_

C0U_DI le_ ,% 6_ 66 ?_ ?4
C_U4_4 idi i 66, 67 ?5 75
_*tiilA !_ ..... I II, . II II ¢I

_OUiD4 _§_ % 73 ?d PR 91

COUi_i _9Q _ 10? _Ot _20 2_
_IUA_4 Iv! i joe fOP ill llo

COUA_4 Igi '
CGOAD_ !e_ i ilZ _li i2_ 1_3

COUA_4 199 i 120 121 1_2 .J1
CIUI_4 it! I ill III i_S 13l

C_UAD4 29_ % 113 1_4 %_ _34
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Table 2.11-5. Array DeploymentAssemblyMathModel
Trimngu!arPlateElements_nd AddedM_sses

_T;;A3 100_ _. 1 2 ?

CT_|A3 10_2 2 2 e 18
C_RIA3 !00T 2 e _7 10

C?_;A3 IOoS 2 tl _0 21
CTR[_3 10o6 z 4 11 20
_TRT_3 10_? _ 4 p 11
C?R|A3 IOCB I Z4 _5 30
CT_XA3 1009 2 3_ _3 3_

CTR|A_ ZGi_ 2 44 _6 46
CTR[A3 10_ 2 40 48 _9

CTRIA3 1G_4 1 _0 _1 71
:_ C_IA3 zOz5 z _ _ e5

CTRIA3 ::_7 I 91 92 ¢7

CTR%A3 _T_ 1 108 _09 118
CTR|A3 !C_I _ i09 1_0 i17

CT_|_3 10_3 I 113 il 4 I17
CTR|A3 10_ _ 1_C 131 140

CTR_A3 I02b % 1_2 _33 141
CTR]_3 1_27 _ I_4 135 136

i

CO_H2 1 99 0 E2,0
- CONH2 2 _05 0 _7,5

CO_a_ a ;06 0 1P,5
- C_2 _ 176 0 140o0

_O_R 6 _0 0 i_O,O

!
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I

.=b!e 2.11-7. PEP Array Deployment Assembly

Mode number Frequency (Hz)

i 5.65

2 7.91

3 12.60

4 14.12

5 15.12

6 17.03

7 18.01

8 18.90

9 19.40

I0 22.20

11 27.52

12 34.86

13 37.51

14 44.49

,5 45.77

i6 48.22

!7 49.54

STS-MITN |ASELI_[ _PRCECmAFT - 0 ,, 10
CRRDLE/0HITI_ I_ITEItFRC[ - X AXlS - LIFTOFF

2e.
- l I

' - b1$ C -

H C 15.--
0 E
C L
K c m

R A
Ie.

£ T
D

S I

_. -

" 10.
1 2 3 4 _S 6 8 10 26 38 48 5_

FREOUEHCY- HZ

Figure2.11-4. STS/BaselineSpaceclaftCradle/Orbiter,nterfaoeX-Axis ShockSpectrum- Liftoff
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Figure2.11-9. STS/BaselineCradle,Cradle/OrbiterInterfaceZ-AxisShockSpectrum- Landing

I Table 2.11-8. Specification and Computed Load Factors

! _
Flight event Load factor (Gs)

4B

' I Nx Ny Nz

Lift_ff Spec value 3.2 1.0 2.5

I Computed value 3.3 O.3 2.3

Landing Spec value 2.0 ],0 4.2

I Computed value 0 8 O. I 2.5
I

I 2.12 POWER SYSTEM CONFIGURATION
Objective

The objective of t_.is study effort was to determine the overall electricalpower system (EPS) sizing and electrical configuratiorl, incluJing sizing of

the major components: (1) solar array, (2) voltage re_,"lators, (_) _iistribu-

tion and control, and (4) system wzring and cabling.

I
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1
Conclusions and Recommendations

The PEP solar array output power requirement Is 32.9 kW (16=4 kW for each of

m2
the 2 wings). Each of the 2 array wine blankets is 3.84 x 37.8 m = 145 in I

ar_a. Each of the 6 power regulators must be sized for approximately 5.27 kW

at the regulator terminals. The PEP power output i. 26.9 kW at the PEP

interfaces (stations 693 and 636).

Assumptions

The system is assumed to require a net electrical output o£ 29.0 kW for sizing

purposes; it is further assumed that the fuel cells will contribute all of

thls power at night and 3.0 kW nominal (3 FCP's at 1.0 kW each) during the I

daylight periods as required by mission duration objectives. The 29.0 kW is 1

assumed to be rated�delivered as follows: (I) 4.67 kW for Orbiter at main C;
1

(2) 4.67 kW for Orbiter at main A; (3) 4.67 kW for Orbiter at main B and 5.0

kW for payloads at station 603 (both positive and t_.turn wires); (4) 10 kW for

payloads at station 645 (both positive and return wires). The PEP to Orbiter

Interface is assumed to occur in connectors at statiol, 693 (port slde for

main A) and station 636 (starboard side for mains B and C). PEP and Orbiter

cable losses down to the above assumed load interfaces are per the discussion

and examples of section 2.6 above.

Approach

Cable and component losses and mismatches were evaluated and applied to the

system/component sizing analysis.

Results

The PEP EPS electrical configuration and sizing is summarized in Figure

2.12-1. The system consists of a 2 wing solar array, 2 diode a_sembly boxes, a

6 circuit cable system down the RMS to 6 pulse width modulated power regula-

tors, a power distribution box, shunt ltmiters and PEP cabling; in addition,

the PEP power traverses some Orbiter cables and equipment before it reaches

the Orbiter and payload loads. ]._e load requirement is 29.0 kW net; in addi-

tion, an allowance of 0.20 kW has been made for operation of the PEP system.

Hence, PEP must supply more than 26.2 kW _ at the load interface (26.8 kW

at the PEP interface), considering that the fuel cells deliver an average of I
I

3.0 kW during the daytime.

/
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J LOA_
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•:o k,, _EA_,OWEOvoL_E _ °"_ _ a_LE_ ;a'_yI_. _ 29=kWNE,
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/ NOMINAL
NIGHT - 29 2 kW

" 3 843 X 0 7.56.4 M = 2.9_7M 2

• " PROPOSED BASELINE | ..

II

4 KITS (PEP BASELINE) "

Figure 2.12-1. PEP Electrical PowerSystem

The system has been sized to deliver a net of 29.1 kW to the loads based on an

integral number of panels in each solar array wing; the resulting power is

26.9 kW at the PEP interface at stations 693 and 636. The Orbiter cable

efficiency (0.977) and the PEP cable e_'ficiency L0.982) are based on the anal-

ysis discussed in section 2.6. The power _ist,'ibution box (PDB) power

efficiency is 0.99; since part of thr .osses are not series resistance losses,

the voltage efficienc_ is 0.994. Power distribution bux losses total approxi-

mately 279 watts which includes I?2 watts for series elements such as fuses,

contacts and wiring, and 107 watts operating power for components such as cur-

rent sensors and relay drivers•

The voltage regulator block of Fig_'e 2.12-I represents 6 regulators that are

paralleilPd in pairs, one pair associated with each of tl_e 3 fuel cells. The

output power requirements for these regulators are presented in Table 2.12-I,

based on the analysis discussed in section 2.6.

'. .. _--../ 87 ;,
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Table 2.12-I. Voltage Regulator Power Output Requirements

-_ Output

Design Design

_ Associated Nominal power I kW current I, , A Unit design

FCP power I. kW (Nominal x 1.1) (at 33 V) current 2, A

FCP I 8.95 9.85 298.5 149.3

FCP 2 9.14 10.05 30_.5 152.3 :

FCP 3 9.58 I0.54 319.4 159.7

Total 27.67 30.44 922.4

I
Two regulators in parallel.

2
Each of two regulators.

It should be noted that the regulator design precludes the voltage outpuL from

exceeding 33 volts in event of loss of remote _ensing; when the remo.e censlng

leads are connected the voltage will increase by an amount equal to the system

voltage drop between the sense point and the regulator terminals and may

exceed 33 volts.

The nominal power requirement for each of the 3 pairs of regulators is shown

in the first column of the table; the design power (second column) is 10%

higher to provide flexibility to accommodate: (I) a different split of loads

among the 3 buses than the nominals assumed in the analysis of section 2.6 and

(2) permit the utilization of the extra capability available from the solar

array much of the time when the array is colder than the design case (e.g.,

during continuous sunlight orblts). The current ratings of the table are based

on a reguiator output voltage of 33V.

The reg,_lat_r efficiency of 90% used in Figure 2.12-I is conservative, based

on MDAC breadboard test results and extrapolations thereof (see section 2.7).

The peak power tracker efficiency allow_ for a mismatch between the regulator

and solar array operating points; thla results in an array sizing penalty, but

does not result in regulator heat rejection.
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I

i Transmission losses for the number-6 gage conductors are calculated to be 1147

watts for a conductor operating temperature of 95°C. Slip ring losses are 108

I watts assuming a contact drop of 0.2 volt. Connector losses total 44 watts

using a 20 milliwatt contact drop at 95°C Diode box assembly losses are 215

I watts total for both boxes based on 0.8 volt diode drop, Total transmission
losses are 1,514 watts. These losses result in the 95.4$ efficiency for the

i diode and RMS cable block of the figure.

The solar array output power requirement is about 32_9 kW to deliver 29.0 kW

I net to the loads. The array is rated 3t beginning-of-life po _r; the resulting

array end-of-life power is approximately 30 kW. The array voltage at the peak ":

J power point is apprcximately 122V as determined in the previous phas_ of the
PEP study.

i !•2.13 SOLAR ARRAY WING ASSEMBLY REQUIREMENTS .

j ObjectiveThe objectives of this effort were to define: (I) the major requirements for

the solar array wing assembly (the PEP array consists of two wing assemblies)

I and (2) the performance/characteristics of the ._olararray wing assembly.

J Conclusions and PecommendationsThe nominal PEP solar array wing electrical power output requirement is 16.4

kW, BOL. The output voltage requirement is 122v (max power at 60°C) and 239 v

I (open circuit at -70°C). A 145_.2 blanket on _ach of the two wings, which are

3.84 x 37.8m, will provide the required power.

J Assu, tions

J The requirements and des__gns discussed in this section are based on thefollowing assumptions: (I) po;:.... 'tput and sizes are based on the nominal

conditions specified herein and is considered to be nominal beginning of lice

I (BOL) performance, as contrasted to maximum or mlnimun performance, (2)29.0

kW net (29.2 kW gross) power (BOL, constant continuous), (3) the Orbiter fuel

I cells typically operate at an average cf 1.0 kW each, which is obtained by

allowing the Orbite_ loads to operate at up to 33v at the load interface, and

I 4) the solar array wing/solar cell characteristics a'" 3s indicated in Figure
2.13-I.

I
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CONTAINMENT
I_V /sox COVER

STORED
ARRAY I _, _ F..,_ _,_"l,_l GUIDE WIRE

MECHANISM- - _ GUIDE WIRE ITEM CHARACTERISTIC

; _ _ _/ _t/,GROMMETI/ PANEL HINGE OUTPUT P_WER le.4..kW BOL
__ / VOLTAGE. VMp 122 AT ll0°C

BLANKET AREA _46 m2BLANKET SIZE 3.84 X 37.8 m
• PANELS 50

_ NOMINAL CELL SIZE 2 X 4 cm
CELL/COVER THICKNESS. MILS 8/6

" .1 CELL EFFICIENCY 12.8%
INTERCONNECTS WELDED
CELL COVERS COA red MICROSHEET
ADHESlUE DC93-500
CYCLE LIFE {ON-ORBIT) 160 CYCLES

ARRAY

STORAGEARRAY
HARNESS _/_ I / _--,_r / ,f _ ..........

/ _ ____:_ RETRACTION

" _/I .._ I----.-_-MAST CANISTER

. _ ____JL-TENSION BO'i'T(_ NEGATOR
_;_ ",GUIDE WIRE NEGATOR

Figure2.13-1. SolarArrayWingCharacteristics(LMSCExample)

Approach

The solar array assembly requirements were derived as the result of analysis

of the PEP mission, the Orbiter interfaces and the PEP electrical power system

(EPS). The reference system exa_iple described herein is based on the LMSC SEP/

PEP work.

Results

The mission-related PEP solar array assembly requl-ements are pre_ented in

Tabl 2.13-I and tne array performance and design requirements are presented

in Table 2.13-2. The PEP dedicat.d _o ETR operates 785 of its time in a 28.5°

orbit and 22% of the time in a 55° orbit. The PEP dedicated to WTR operates

100% of the tlme in 90-104 ° orbibs.

)

The array wing power requirement of 16._ kW is based on the assumptions noted

above. The requi-ement for a large number of independent modules results from

the need to retain flexibility to allocate varying percentages of the solar

array to the Orbiter load buses and the payloads. The mast deployment and

retraction power limits are baseo on RMS SPEE wiring limitations.

.Ipm, _ .......
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Table 2.13-1. PEP Solar Array Mission Requirements I
(Each of Two Wing Assemblies) J

Item Rsmge Nominal !

. Orbit altitude, km (n. mi) 185-1,110 407 (220) i

- (100-600) !
i

2. Orbit inclination, deg/% time

a. ETR PEP NA 28.5°/78%;
550/22%

" b. WTR PEP NA _04°/100%
t

3. Solar vector/orbit plane ±127.5 >,J

angle {BJ, deg

4. Array orientation All attitudes Normal _c
solar v tot

5. Array shadowing 0-100%; orbit rat2 _,o_e

/

o. Launch vehicle Shuttle Orbiter- Shuttle Orbiter;

payload bay within Payload Bay -
R}_ reach Station 715

A summary of a representative design (LMSC examp_ ) that meets the above

requirements is presented in Figure 2.13-I. The life is 160 complete on-orbit

deployment and retraction cycles.

2.14 SOLAR ARRAY CONTRC[ AVIONICS REQUIREMENTS/CRITERI_ DEFINITIL;NS

_ Objectives

The _bjective of this study is to define the functio-_l an4 o_er2tional

: requirements for the PEP Solar Array Pointing Subsystem (SAPS). The study

should include applicable array dynamics considerations. Software and hardware

specifications shall be defined.

I

Conclusions and Recommendations

Conclusions:

© Either a proportional or an on-off PEP gimbal controller concept wi]i

satisfy the pointing -equirements for the PEP solar array.

• Yne Alpha and Beta gimbal rotations do not result in effective damping

of :'i co,npliance spri,,g flexible modes for all Beta gimbal positions

E_ tive compliance spring modal damping is available for some modes at some
5

PEP Beta gimbal positions.

: c 91
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Table 2.13-.2. PEP Solar Array Performance and Design Requirements

, (Each of _,o Wing Assemblies)

Item Rsn_e Nominal

•" i. Output power*, kW
a. B0L (design to) TBD 16.4

b. EOL (reference) TBD ~15.2

2. BOL output voltage*, V

a. Vmp NA 125>V>lO0
b. Voc NA <250

3. BOL output current*, A

a, Isc TBD Isc >l.1 X Imp

4. Electrical modularity/interface
a. Electrical modules, independent >50 >50

circuits

b. Instrumentation circuits >5 >5

5• Operational usag

a, ime Period Late 1982-Lat_ 199°
b. Mission frequency, mi,sion/year TBD 8 !
c. Mission duration, days 7..48 14

6. Deploy/retract cycles per mJ.ssion
a. On-orbit TBD 2

b. 0n-ground 0 - TBD

I. Deploymcnt and retraction
a. Tims_ min TBD 6
b. Power

(I) Current (retrac_ion,'loc]=p), TBD 4 0

(2) V_!_age 18-33 3_

8, Magnetic forces TBD Minimize

9 c• _torsa,.
a. On-orbit TBD 3.07 jr

b. Orl .ter p_y]oad bay
_j) _au_ch/reentry TBD 50 hr
(2) V:4B TBD 960 hr

Hangar S and 06_7_ TBD yr
_,ge - hangar

!_ty
• ,_ I • •_fbx_er/crew safety 0 9999-I 0 0.9999

b. H_tu_n from orbit q_D TBD

c, Mi,_sion completio_ TBD TBi

_At azray ba_e _o giode assembly, at 1,353 %I/m- ,llumination and nominal
conditions herein.

I
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1

• Tn_ on-off PEP gimbal controlier c_ce_ ueets _il requirements when

the augmented system damping requirement is dropp_.J.

Ii • T,_ePEP gimbal control system will f_,ctlon _utonomously in all flight

mores e_cept for occasional keyboard or ground link inputs and updates.

I • The on-off PEP g_-:_ controller concept can easily be mechanized in

most available microprocessors.

Recommend at_ons :

• The on-off PEP gimbal controller concept _hould be considered the

t_seline con _pt.

•Tne LJseline PEr gimbal controller should not be used to damp the PEP

_r=cture dyT_._micmotion.

• Further analysis with the proportional controller with induced damping

is worthwhile. A dynamic model including both linear and rotational motions

induced by the gimbals and a compli._nce spring model giving two spring degrees

of freedom to each half of the array should be used.

As__sum_ptions

I: w_s aosumed that the major components of the Solar Arrey Pointing System

(SAPS) are the Alpha and Beta gimbals, the glmbal drives, the sensor(s) for

closed loop feedback and the control law. The Alpha gimbal axis will normally

be oriented perpendicular to the orbit plane and glmbal at orbit rate for

Orbiter local vertical orientations. The Alpha gtmbal will have continuous

bioirectional rotation capability (i.e., no stops). The Alpha gimbal axis is

oriented via the Beta gimbal from roughly parallel to the solar array plane,

to perpendicular to _he solar array plane. (Figure 2.14-I). The Beta gimbal

provide_ orbit Beta angle compensation when the Alpha axis is perpendicular to

_he orbit plane.

The basic solar array pointing accuracy requirements are quite loose from a° .

maintenance of electric: _ power viewpoint. A.ssumi,_gpower is proportional to

cosine of the angle between the array normal and the sun ).ineand an allowable

power drop of ! percent, rest'Its in an acceptable pointin_ error of 8 degrees.

Another consideration is "feathering" the array for low Altitude, h_gh aerody-

: namic force missions. An 8-degree misal-gnment would project 14 percent of the

array face to the wind which may be undesirable. Thus, a _2 degr_.c accuracy

• requirement was assumed. Though sun track _ ! not require +2 degree accuracy,

• that capability should be reasonable.

/ 93 _- _. :;,
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Figure2.14-1. PEPGip'_d end Co_,plianmC.Nmrne'a_

It was assum_J that ar,,'a_ sep_._.ation froN the Orblter ,.P.s not a SAPS require-

ment oeea_se the RHS 'willbe posltioneo and the end effector oriented so that

any mo_ion of _he Alph_ or Beta gimbals w_il not result in a collision from a

r_gid array _e'_poin'G. A dynamic envelope must be considered, huwever, and

Orbiter/_._F_/PEP o]mamics interactions must be eva-uated.

It vas assumed that the SAPS should not agRravate, and reduce if possible, the

PEP flexible body dy_,amic motions which are important because of the struc-

tural loads which could be developed. The pointing control system/flexible

dynamics interactions must not result in an unstable SAPS. The SAPS should not

generate force's and moments which could slip the RMS joint brakes.

i
_ The basic ope_atlonal requirements assumed for the SAPS are:

I. _racks the sun within 2 degrees,

2. slew to defined Alpha and Beta gimbal positions (usually used for

initialization),

3. slew at defined angular rates for an indefinite time,

94
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4. gimbal position and slew rate commands will be defined via the

keyboard, ground links or a preprogrammed table used as part of an autonomous

proced ure,

_. any slewing can be stopped at any time by keyboard or ground _ink

:_mmand, and

6. operate with sun sensor feedback in elLner gimbal axis and gimbal

encoder feedback in the other axis.

The last requirement facilitates feathering the array with one gimbal while

tracking the sun as close as possible with the other which is desirable for a

low altitude orbit. A wide angle sun sensor (at least about one array axis) is

,'equired to make this concept useful.

Approach/Discussion

Two Solar Array Pointin_ $ysterl (SAPS) concepts were considered. The two were

proportional control (with nc.nlinear friction) and on-off control. The first

was analyzed as a continuous system using sun sensor or gimbal encoder

feedback and tachometer feedback. It was assumed the gimbal was back driveable

and its ability to damp compliance spring motion was evaluated for a simple

case. Since the Alpha and Beta gimbals cannot damp all the compliance spring

modes, the on-off controller concept was defined. The on-off controller can

provide some damping if gimbal backdrive occurs. The on-off controller meets

_,=e other SAPS requirements when system dampinK augmentation is not required.

The _n-off controller has been defined as the Baseline SAPS.

Proportional Controller -The "compliance sprini_" concept discussed in Para-

graph 2.8 requires damping to minimize the solar array response to Orbiter

limit cycle disturbances, Orbiter orientation maneuvers, and PEP gimbal rota-

tions. This prompted an analysis to determine the effectiveness of using a

gimbal servo concept to induce system damping.

In the reference configuration the two solar arrays on either side of _he ADA

are each independently sprung about two axes (Figure 2.14-1). These four

degrees of freedom result in both symmetric and asymmetric complia:Jce spring

modes. The asymmetric modes can be damped by rotational motion of the ADA

while the symmetrir modes require linear motion of the ADA for Jamping (Figure

2.1q-2). In the refe"ence configuration, Alpha and Beta gimbal rotations do

. •
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SYMMETRIC MODES

l "

ASYMMETRIC MODES

NOT;: ARROWS SHOWARRAY DEPLOYMENTASSEMBLY(ADA) MOTION
NEEDEDTO DAMPTHE MODES 7,

Ii Figure2.14-2. PEPComplilnc_SpringMode._

not generally provide linear and rotational ADA motions along and about the

required axes, whi¢:;means that servo damping is not sufficient to damp the

four compliance degrees of freedom for gener&l disturbances.

Tho primary solar array disturbances are Orbiter' ilk,it cycle ,.otions including

any thrust impingement effeJts, Orbiter maneuvering and Alpha _ad Beta gimbal

motions. Maneuvers are not expected to be cyclic ano by limiting maneuver mag-

L_itudes, the compliance reduces structural loads to an acceptable level.

Orbiter limit cycling has the potential to continuously (on the average) input

energy into the compliance modes (because of its cyclic characteristics) which

may ultimately result in large deflections ard u',lacceptablemast or RMS loads.

Eva1,_tio. of Orbiter limit cycle effects was accomplished by reviewing the

Orbiter limit cycle:characteristics defined by 25 simulation cases. The

Orbiter simulation was the JSC/LEC Space Shuttle Functional Simulation (SSFS)

high fidelity rigid body simulation. These limit cycle characteristics were

simplified and input to a simple one-axis simulation to _.qsess the

effectiveness of gimbal induced damping and the resulting _o.lararray limit

cycle amplitudes and loads. Further analysis i_ required with more detaile_

simulations.

g6
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I The model (Figure 2.14-3) used for gimbal induced damping analysis was a

single axis model of a torque motor driving through a transmission (gimbal) to

I an angular compliance spring connected to a moment of inertla representing a

rigid solar array. The feedback sensors were on inertial position sensor (sun

sensor), a relative position sensor '_imbal encoder), and a relati;e rate sen--
sor (tachometer). The sensors were mounted on the gimbal side of the compli-

ante spring so actual array position could be -c;,_edonly indirectly via theservo backdrive effects. Linear ana]y3is and simulation ana]ysis including

nonllnear friction effects wo,-e used to evaluate servo induce__damping. The

Orbiter limit cycle motion was input as a disturbance.

I BACK TORQUE

I ORBITER
_c MOTION 00

I ARRAY
STJCTION MOTION
COU LOP,_6 FRICTION

ii _=: NON'.JNEAR 'SA :FR;CTION
IW'_D E L

DISTURBANCE)

ENCOOER

_ "R" DEP_OTESREtATIVE MOTION

_R "'A" DENOTES ARRAY ,

"g" DENOTES GIMBAL
-- _ "_" DE,%IOTES TORObE MOTOR

Figure2.14-3. PEPProportionalControlSimulationBlockDiagram

The JSC/LEC SSFS Orbiter flight control simulation, used for reference Orbiter

limit cycle disturbances, includes full on-orblt functional control
a flight

system software simulation and incluces aerodynamic and gravity gradient dis-

turbances. The 25 simulations included both primary and vernier thruster limit
cycles with several attitude dead bands and various local vertical, inertial

hold and passive thermal control (barbeque roll) orientations.Aim

On-Off Controller - This is the Baseline SAPS and assumes adequate structural

' 1 damping will be supplied mechanically. Allowing the gimbal to backdrive ,_ili
#
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add further damoing. The extent cf the added dmplng was not evaluated in this

anal ysie.

The on-oft" and propo_tional controller concepts a=e similar except fo_ the

control law. Fizure 2.14-4 is a functional block diaKrsm of the on-off con-

troller. A!so shown are the primary controller operational .-equirements and

capabilities. No tachometer it included in the baseline. The parts included in

the dasheo lines are mechanized in the PEP digital processo:-. If nighly accu-

rate glmbal slew rates are not required, no _ngular rate feedback will be

required. Figure 2.14-5 is a flow chart defining a derived rate concept for a

low resolution sun sensor or gimbal encoder Which could be mechanized in the
J

processor if needed.

The drive logic is a two rate drive. The achieved rate generated by the output

V could be much higher u_,anthe required rate (e.g. orbit rate) and _he
b'
servo w_.ll_ "turned on" intermittently to realign the m-ray with the

reference. The hysteresis provides o_ ;r shoot so that the average array posi-

tion will be near nominal. An alternate procedure is to set the _chieved rate

DIGITAL PROCE_OR

+ _E I
VDAC

I GIMBALVi IN3_TION

i SUN _ At

PRESENCE
SWITCH
(DAY/NIGHT)

I "_¢1 I _K)LAR
ARRAY

- TRANdGFORM _as

I TO GIMBAL

COORDINATES

CsBIAS I SUN

I LINE[NIGHT

L ¢E ENCOOER

REOUI R_M ENTS/CAPABI LITI ES

• TnACK SUN LINE

• BloT. ARRAY AWAY FROM SUN LINE (¢sBIAS )

• SLtW TO A POSITION (_c' WITH _$ - O)

• SLEW AT A RATE (Ca)

Figure 2.144. B_eline PEP Solar Array Pointing System
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Figure2.145. D_iv_l RateConceptfo¢• Low.Ruoiution Signal

I near the commanded rate, and the array smoothly tracks the reference with

occasional high or zero achieved rate periods occuring to adjust the ave.rage

i achieved rate to the required rate. The constant r_,e i_ desirable since
structural resonance excitation is minimized. The controller is effectively an

I open loop controller for long periods of time which can eliminate stability
problems associated with structural resonai_ces.

i Most of the control law parameters can be updated via the keyboard or groerd -

links so that on-orbit e_perience can be used. Since there is no direct gimbal

i rate feedback, the open-loop servo characteristics (including friction) will
have a significant effect on the closed loop characteristics and on-orbit )

I updates will be valuable.

The "Transformation to Gimbal Coordinates" block (Figure 2.14-q) on the sun

I sensor output may not be required even though the Alpha gimbal axis ,_oesn't

generally li:=eup with a sun sensor axis. The closed-loop nature of the Alpha

and Beta servos will drive the Alpha and Beta sensor within the dead zones
even for large initial errors. Solving directly for the gimbal angles required

I to zero the sun sensor error involves solving trigonometric functions for

] / 9g
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large Beta angles in the processor, No requiremer + has bee'; '-Jr.nt._ fled for

- this direct computation, but it has been Included for 8e'.,era]tty.
l

The inputs shown on the block dta£ram (Figure 2.1q-ll) _s' ¢ and ¢ detinee sb|_s
the slew rate, position and sun sensor bias commands rezpectiveiy. The sun

sense- bias was included so that the array could operate at less tn_n max

power by biasing it away from the sun. The bias angle must be small enough to

keep the sun within the sun sensor FOV so the sun sensor FOV would have to be

relatively large for a significant power reduction.

The day/nlght switch will be activated by the sun presence signal. Smooth

transition between sun sensor and encoder control will be facilitated by

insertion of a slew rate (Ca) command of the appropriate magnitude (normally
orbit rate for local vertical orientations) st the loss-of-sun event. Also,

the
s inteEratlon (digital) will be init;ialized to the sun sensor error

(i.e., A_E = &_s) " At dawn the cc_mand rate will be removed and &Ca used. The
dark side rate command can be preprogrammed and updateable or calculated based

on the rates required by the sun sensor feedback during orbit, daylight.

Initialization upon deployment will be accomplished by keyboard input of the

appropriate Alpha and Beta Eimbal angles (_ in Figure 2.1q-4). An automatic
s

sun finding mode can be accomplished with a l_'eprograBaed sequence of Alpha

and Beta ulew rate and position commands. A solar array power indieaclon may

be useful if the approximate location of the sun is not known (unlikely). The

sun presence signal defines when the sun has been acquired.

Hardware Specification - The functional SAPS hardware blocks are shown in

Figtme 2.14-6. The Alpha and Beta SAPS are assum,_d identical except for gimbal

travel and some software. The computational requl: _mer_ta for SAPS are well

within the speed and complexity ranges of most available microprocessors. An

_-bit digital-to-analog converter (DAC) will have a serve rate command resolu-

tion of 0.004 deg/sec (6 percent of typical orblt r_te) kitb a +0.5 deE/see

gimbal -ate range. This command resolution is adequate sln_e the closed-loop

characteristics o£ the serve will result in an average achieved gimbal rate _s

accuratr _j required to meet the sun sensor or encoder position commands. The

accuracy of Lhe closed-loop achieved rate will be proportional to the

p-ocessor clock accuracy a13o, and is a consideration.
°
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I CONTR_)LELECTRONICS

---_--. • DIG;TALI_OCEMOR

I • OIGITAL-TO-,_ALOGORqMTER CONVERTER GIMIALIRRVO
i_ER ANDIWITCH,NG

1 ] i:i "_N

I I
1 '-" }"-]
I Figure2.14-6. PEPSolarArray PointingSy_tmmHmrdlmmFun_mm! Blocks

Tl_e gimbal/servo stall torque requirement was defined to preclude over

stressing the sol._r array mast. The mast design ultimate load tenability is

200 ft-lb per mast and a maximum Alph8 glmbal torque of 100 to 150 ft-lb is

recommended with the Bet_ glmbal being defined the same for symmetry. The g/m-
hal travel is defined as eontinuou,, bldirectlonal for the Alpha axis and 0 to

• I 90 degrees for the Beta axis. The maximum g/tubal rate capability is +0.5 deg,'
see. The A.lp_':a gimbal travels 180 degrees in 5 minutes and the Beta glmbal

t'-avels stop-to-stop in 3 minutes,

l
Further analysis is required to define the i/mit_ of acceptable open-loop

I servo response, on model, an open-loop servo
Based the simulation bandwidth of

greater than 0.25-0.5 hz is acceptable for the proportional controller. A

response time (time constant) of I to 10 see is acceptable for the on-off con-
I

troller. Quicker response Js not required because the servo is controlling the

I array through the compliance spring with a reso:lant requency of 0.02 hz.
l

i

The glmbal friction characterlstlc_ are of particular interest for a propor-

I tional controller design. The position feedback gain used in the simulation of
the proportional syste,,;was sized by the stlction value. The position loop i

gain was made large enough to li_,!tthe poslI:lon hang-off due to 22 ft-lb of
stiction to +I degrees. This regulted in a higher clo_ed-loop servo bandwidth

I than would be necessary based on a linear analysis.
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Glmbal backdrlve is essential to the proportional controller if induced system

damping about some axes is a goal. Energy is removed from the solar array by

backdrtvtng the gimbal against the friction and back [_F of the servo motor.

The on-off controller does not require backdrtve but _rlll provide some system

damping if backdrive is present. No backdrive results effectively in a brake.

The sun sensor and gimbal encoder resolution were sized based on the +2M

degrees solar array p_inting accuracy requirements. J 1 degree resolution

encoder is adequate ond reasonable and 0.5 degree sun sensor is reasonable.

A sun sensor f__alo of view (FOV) of 20 degrees ls adequate for most sun acqui-

sitions but a wide For is desirable if an autonomous acquisition from an arbi-

trary initial condition or tracking biased away from the sun is desired. PEP

software needs will include ground ccmputers and Orbiter computers as well as

the PEP processor, Ground and Orbiter software are expected to be minlmal.

Software Sp__clficatlons - The SAPS software will be executed in the processor

on the PEP. Modes of control will be defined via preprogrammed sequences and

real time updating. Figure 2.14-7 shows a flowchart for the basic SAPS module.

The nomenclature is derived from Figure 2.14-4. Table 2.14-I defines the data

and parameters the SAPS module requires for execution. Th_s information will

be defined by other software modules such as mode contr_1 and data acquisi-

tion. An _xecution rate of once per second is adequate, and the sensor data

must be samplod at the same rate.

The logic a!_ow_ the Alpha and Beta gz_bals t_ each work in independent modes

(i.e., sun track, slew to a position, etc.). In the sun track mode, a smooth

transition from day to night is facilitated _ inltiallzing the _pproprlate

slew rate (¢) and initializing ¢ such that A ¢ is continuous. The various
c C

non-sun-track modes are facilitated by setting ¢ and _ to the appropriate
c S

time histories.

On Figure 2.14-/, two software modules are shown to process the sun sensor

data. The output of the solid lined option are gimbal angle errors. This cal-

culation could _e a_ simple as transmitting the sun sensor errors directly as

gimbal errors. This simpllficstlon is acceptable slnce the sign of the sun

sensor errors a_d gimba _ angles are the same for Beta angles under 90 degrees.
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I

I Table 2.lq-l. PEP SAPS Interrupt _ut.lne Inputs Requir_

I • Mode In each axis (a, B)
- Sun track

i - ODher

• Position com_w.ds (¢ , ¢ , , ¢ )
Ca CB SBIAS SB_$,

I • Slew rate , )
(_

X #
commands

Sa 58

• Switch loglc parameters for each axis (Ca, ¢b' 1c' Va' Vb)

I • G!mbal limit logic parameters (B , B , B ,A ¢ )
0 90 rain 0

l • Sensor inputs (_SSX' _S.SY' a 8, sun presence)

I I TNo $ _ rr - _l _ -0I I • • . , _.__ ,,_Lcu_,,,,, 11_._.2,
P I I Io_.-_o,.,,,.',.r'<q_;_2 _--r --_ "

__J L - " -J __ I] L + .__....... ,

I I _ O'''c_/+'_ T$-7 I .........

1
F_iure2.14-7. PEPSolarAr,ay Pointin_SystemSoftwareModulmFlow ChKI

The magnitudes are actually related trigonometrically rather than linearly but

the same sign means the closed-loop servo wlll converge toward zero error.
4

Using the full trigonometrlc equations wlll result !n defining the exact
qp-

change in glmbal angle required or the exact gtmbal position (dashed lines)

"-_ "" '103
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_" required to zero the sun sensor attitude error signal. No requirement h-_sbeen

identified for the full trigonometric versions even for large angle cases if

the Beta glmbal angle is limited to 0 to 90 degrees.

The switch logic module is detailed in Figure 2.14-8. This module mechanizes

the switch lines shown in FiEure 2.1q-4. The capabll Ity to m._ke the Alpha and

Beta gimbal switch lines different is provided. The gimbal limtt logic ,s

detailed on Figure 2.!a-9 and provides software gimbal stops for the Beta gim-

bal by seLting V DACB to zero when the switch logic is commandin_l into the

stop. Rj and 890 represent the typical 0 and 90 degree stop values respec-
tively, but man be updated during Plight for special operahions.

The Alpha Kimbal limit loKic is required for Beta angles near 90 degrees when

the plane of the solar array is nearl_ perpendicular to the ._ipharotation

axis. When these Beta 8imbal an81es occur, small changes in sun sensor error

theoretical../ require 90 to 180 degrees of Alpha glmbal angle change. The

Alpha gimbal limit losie inhibits the Alpha gimbal command for Beta glmbal

angles greater than Bmin unless the Alpha axls attitude error (ACa) is greater
than A ¢

O"

X,?. VDAC. T . .VD/_.7 /

X3 - v_ " V"r /

x4"vu., Ix= -%., /
! I

II * NO NO YES

--; ,
1"'t';'°T1

OUTPUT•

Fig,ire2.14-K PEPSAPSServoSwitchLogicSoftwareModule I

IVICOO_I_£LL DOUGI-4_
m

I
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YES YES
'_ _ < _min

YES YES :

VDAC _ - 0 VDAC (_- 0 .'_-

RETDRN

Figure 2.14-9. PEP SAPS Gimbal Limit Logic

The software deseribed above is eyecuted once per second. The SAPS module !

shown should be programmable in less than 500 machine commands and the

r__sulting execution time is essentlally negligible compared to the I second

execution int_.rval for most available processors. Inclusion of the full trigo-

nometric sun _nsor error processing equation9 wculo inoreage computation time

significant percentage, but the execution time would still be insignificant.

Word length requirements may exceed 8-bits for the gimbal encoder and attitude

error calculation, slew rate command and the sun sensor data processing. For

example, assuming a slew command range of +0.5 deg/sec, the 8-bit rate re_olu-

tlon is 14 deg/hr which may be excessive for _ome operations wh_,-e the sun

. sensor is not used for extended periods of time. D_uble-p, ecision in 8-bit •

processors is no problem and _ives more than adequate pI_cision. _

Results

The following is a summery of the simulation effort to evaluate the potential __

for damping the PFP ::_ipliance spring modes with the proportional controls J.

with backdrive. The simple 1-oxis model (Figure 2.14-3) simulated only an

asymmetric compliance mode. The system parameters used in the simulation are

; 105
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defined in Table 2.14-2. Figure 2.14-10 shows the closed-loop root locations

for a fourth order model and the reduced order (third order) model used for
I

toe simulation results shoal herein. The high frequency real root obviously

was not significant for the frequencies of interest and resulted in large com-

puter run times so it was eliminated (Figure 2.14-3).
_o

Table 2.14-2. PEP SAPS Simul_tion Parameter Values -- I+
I

Parameter Value Units -- I'
,

t

Compliance spring rate 2,100 ft-lb/rad I

Compliance spring damping ratio 0.001 N.D.

G.imbal +

Inertia 0 sl ug-ft2 +

Coulomb friction 7.26 ft-lb

Stiction 10.89 ft-lb +

Gear ratio 250 N.D.

Torque motor (Inland Model T-3910; data referred to gimbal)

Rotor inertia 21 slug-ft 2

%

Back EMF constant 2,060 ft-lb/rad/sec

Coulomb friction 10.5 ft/lb

Stiction 10.5 ft/ib ;

Gains (referred to gimbal)

Sun sensor and gimbal encooer I,+"\+ ft-lb/rad

Tachometer 15,600 ft- ib/rad/sec :

"T

Many simulation runs were made simulating Orbiter rate maneuvers, commands and "+

limit cycles. Both sun 3ensor and gimbal encoder feedback were used, The runs "T

showed that the PEP solar array mast loads are acceptable for Orbiter angular , °

rate steps of greater than a 0.25 deg/sec. Figures 2.14-11 and -12 show the

torque at each mast root for a 0.25 deg/sec Orbiter step rate for gimbal

encoder and sun sensor feedback cases, respectively. In the encoder feedback

case, the pointing system damps the motion well until the gimbal locks due to T

stiction at about 10 ft-]b torque per mast. With the gimbal locked, the only

damping is in the compliance spring itself which is essentially zero in the [
I
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Figure 2.14-12. MDAC PEP P_nting Co_tro_ Systom Simulation - Aato Maneuver with Sun Sensor Feedback

simulation. The sun sensor feedback case shows a different characLeristic

because the solar array is controlled to remain inertlally constant by com-

manding a 0.25 deg/seo average gimbal rate and the gimbal never locks. The 33%

._ystem damping indicated in Figure 2.14-10 applies and the response is well

damped.

A preliminary evaluation of the response to Orbiter limit cycle motion was

_i evaluated by inputting approximations of Orbiter limit cycle attitudes and

r_tes. Limit cycles with frequency content near multiples of the compliance

frequency (0.02 Hz in the simulation) are of concern. Twenty-five high

fidelity Orbiter on-orblt flight control system simulations (JSC/LEC SSFS)

were reviewed. A VRCS case was chosen as a potentially severe case and the

Orbiter motion approximated and input to the simulation. Figures 2.14-13 and

-14 show the high fidelity _imulation output and the approximation, respec-

tively. Figure _9.14-15 shows tile mast root torq_le on each wing for the input

shown on Figure 2.14-14. The 5tier.ton was reduced to 6 ft-lb in order to break

the gimbal loose early in the run. Note that the torque on each wing is

effectively limited to one-half the stlctlon torque indicating that induced

system damping is feasible.

i08
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Figure2.14-15. MDAC PEPSolu Array P_,_tJltO SystemSir,lulitiot,. - MastMomentfoeVRCS Limit Cycle - -

A c.,impleapproximatior, of a PRCS limit cycle proved eluslve. Therefore. a rea- "

.,onable worst ease was "manufactured" based on PRC$ llmlt cycle rates and -"

att-+tudes observ_l in the high fidelity JSCILEC S3FS ._imulatlo_._._ attitude --

dead zone of +3 degrees with a rate of +0.034 Ceg/sec was chosen (FIlLies ..

2.14-16 and -17). This represents the larsest Orbiter limit cycle motion

expected. The two-sided limit cycle period was a_out 350 seconds Which is an

_dd multiple r"7the 50 second compliaL,ce spring period, so energy is input to

the &"ray very efficiently.

3_zs is obvious on Figure 2.14-18 which is the mast -oct torque on each wing

for J ease Where the gimbal has been locked and no damping is available. The

mast root torque reaches 200 ft-lb after about I orbit.

Figure _..14-19 _iuw. the effect of compliance spring damping. The conditions

are the sane as that in Figure 2.14-18 but a compliance spring damping of I%

of cri*+ical has been included. The mast root torque is limited to an accepta-

ble 4, ft-lb.

qiure: 2.14-20 anC -21 show similar cases where the gimbal friction has been

reduced to the nominal values (Table 2.14-2) and the compliance spring camping

ra_io has h-e_ set to 0.001. Figure 2.14-20 is a gimbal encoder feedback case

and Fi_'e 2.14-2; i_ a sun sensor feedback case. Note that the root torque

110/
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amplitude Is limited in the encoder f_edback case (Figure 2.1_-20) to near

one-half (per wing) the total timbal stiction value of 22 ft-lb, indicating

I: that the friction and back EMF torques effectively absorb the energy input by

the llmlt cycle motion. The sun sensor feedback case (Figure 2.!_-21) exhibits
\

much the same characteristics as the sun sensor case mentioned prevlously in

that the glmbal rate is non-zero most of the time and the linear system damp- "+

in8 ratio of 0.33 applies. Note the very small mast root torque which results. "I
6

1-4

The e£tects o£ 8imbal encoder resolution were cursorily evaluated with the

SAPS simulation. Figure 2.14-22 shows angular rate histories for the 6imbal •i

and the array for a case corresponding typically to dark side operation. The

array is com_,andedat orbit rate relative to the Orbiter. :_
:!

The glmbal encoder resolutlon was set at 0.5 degrees (half the pr_ont ..

baseline) and the resolution effects are visible in the limit-cycling timbal ..

rate shown in Figure 2.14-22. The timbal rate never reaches zero and the gim-

bal never sticks. Thus, the 33 percent linear damping applies as can be seen i

in the well damped array rate response. Decreasing the 8imbal encocer resolu-

tions to the baseline one degree, would approximately double the 81mbal rate

llmit cycle amplitude. The glmbal would not st__ck,and Ec_d array dampln8

would be available for orbit rate command rates. -_

• ORBITRATECON_ANDRATE(0.0_ DEG/SEC)
• NOMINALPARAMETERS

O,BI - ..
• ENCODERFEEDBACK
• ENCODERRESOLUflONOF0.5 DEGREES

0.01° ""

°'°_ _ _ 1,',,, Ill,_IIAJ_jIIUIn ImItlU_II_JLAII_J_IILIIJ]IL_iU]I_II_IIIBJUUBJK

_, OJl'

_--0.01._-,._, _-- ARRAY GiM!JBAL ..............

o.o4 " _CO AND........... ""
C¢

.+j -+

"-_ O.Ol .......I

+-I I t I +
::1 I.! 1 I 1 I :.

-,L

TIME(SEC)

:_ Figure2,1¢22, MDACSAPSSimulation- EncoderRe=olutionEffect=
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I 2.15 CONTROL SYSTEM MANAGEMENT--GENERAL PURPOSE COMPUTER (GPC) AND ARRAY

PROCESSOR CONROL INTERFACE

"' I Objective
4b,

To define software functions for"PEP activation, checkout, and operation

! performed by the Systems Management GPC and the Array Pointing and Control

_. _!ectronics Assembly (CEA). I

I Conclusions and Recommendations
The software functions to be performed in the Systems Management GPC w111 be

minimal. Its use can generally be confined to status monitoring and checkout
• (comparison of actual to desired parameter values), the transfer of commands

i and data between the MCDS and PEP equipment and conflg_'_tion of power regula-
tion and control equipment.

Approach

The various operations required by PEP were analyzed to determine what

software functions were required and decisions were made in regard to their

location. Brief descriptions of the functions were then prepared and input

requirements were defined.

Results

i The results of the analysis are contained in the following paragraphs.

PEP Software Functions--The PEP function is operative during SM OPS 2, as spe-

cialist Function No. TBD and interfaces with the following:

• Multiplexer/Demultiplexer Assembly (MDA}

• Control Electronics Assembly (CEA)

• Table Maintenance Specialist Functicn (TM SPEC)

• PEP Control Display (PEP CNTL)

• Systems Software (SYS SW)

PEP software is organized into four" principal functions within the SM com-

puter. The following paragraphs briefly describe the principal functions.

Figure 2.15-I contains a block diagram of the functions performed within the

SM GPC and their external and internal interfaces.

In addition to the four principal functions, there are three processing func-

tions which are germane to the PEP detailed requirements:
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TALKBACKS . _ a. _ .m _ I SETTING ...

i

"" POWER
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Figure 2.15-1. PEPSoftwem (SystemsMmqemmt GPC)

A. PEP Data Acquisition (FDA)--The PDA monitors the status of the -_

Multiplexer/Demultiplexer Assemb)y (HDA) and CEA-to-GPC communication to -.

determine if th_ H_ response data block is valld. _.

B. PEP Output Processln 6 (POP)--The POP outputb the results of the prln- .

clpal functions to the HDA and CEA via the command data block. . .

C. PEP Specialist Processin G (PSFEC)--The PSPEC organizes the sequence of

processing _DA, EXEC, and POP.

PEP SH Principal Functions -.

A. Executive Function (EXEC)_The EXEC function performs function

initialization and calls the required principal functions in the proper ..

sequence to execute the selected software mode.

B. Power Switch Settlns (PSS)-- The P$S function prevents more than one
_v

regulator per bus having control authority, removes shunt regulators operating

improperly from the buses, and provides the power cable disconnect function in
41

the event of an emergency.

._
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[
• [ C.Status Monitor (SM)-- The SM monitors critical measurements obtained

from PEP units in order to determine if anomalles exist in equipment opera-

tion. Information is provided co System Software for CRT display of equipment
status.

I- D. Sense Volta6e Settin6 (SVS)-- The SVS compares the r_.gulator voltage

_" settings to commanded values and commands changes to setting levels until

_. agreement is reached.

PEP Processor General Requirements

I A. InltialJ.ze and se__fcheck the Electronics Assembly, Control (CEA) and

" all interf-:ces with ADA components when power is turned on.

I B. Accept control commands and provide digital data and _nternal status
-- to the Orbiter's Systems Management GPC.

C. Provide sequencing for cannister rotation and mast extension retrac-

I tion.

D. Provide rotation drive levels for alpha and beta gimbals.

Functional Requirenents

A. The CEA software should execute in a microprocessor. A minimum of two

channels should be available for data transfers between the CEA and GPC; one

channel for data transf_.r from/to a redundant micro- processor.

B. The CEA _oftware program should perform ADA sequencing and array &im-

bal control upon receipt of commands input to the keyboard of the MCDS. It

would examine a location in memory to determine its mode of operation.

C. Oimbal Control Modes are classified as manual or automatic and should

consist of the following:

I_ Manual Mode, Slew to Position - causes the CEA _o slew to given

alpha and/or beta angles.

2. Manual Mode, Track at Constant Rate - causes the CEA to slew

alpha and/or beta gimbals at commanded angular rates.

3. Automatic Mode, Track Sun - causes the CEA to maintain PEP array

faces perpendicular to the sunline based upon data provided by a two axis sun

sensor.

4. Automatic Mode, Trail Position - causes the CE_ to track the sun

in one ax'.swhile maintaining the other axls in a given angular position in

respect to the velocity vector.

117t'
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i D. A stop mode should be provided which terminates the current ADAacttv- ! ,

:I ity and causes the ADA to revert to a sa:e condition. "" ,

E. A test mode (disabled during flight) would allow the loading and exe-

f cution of special test software. "; i

F. The software should monitor external events via digital or discrete ....

inputs and or analog signal. These should include latch po:ition, shaft _!

encoder and sun sensor inputs. Provision should also be made for monitoring .,

solar array and other ADA component status and formatting and buffering this _ _.
data for transfer to the GPC. •

Con_t_ol Inputs--Control of PEP requires three general types of inputs: (I) .

those requir_ t_ define the configuration of the Power Regulation and Control

Assembly (PRCA); (2) those which insure the proper functioning of the equip-

ment; and (3), those effecting the Array Deployment Assembly (ADA) in manual

and automatic modes. Table 2.15-I lists the inputs for PRCA control while

Table 2.15-2 lists those for the ADA.

Control Display--Figure 2._5-2 illustrates the PEP Control Display Format.

Numbers on the figure are described below.

I. After engagement of the SPEE connector the power switch is acti-

vated. The status of the power switch (On/Off) is shown.

2. A ccmnJandis entered via the keyboard to engage the power con-

nector. The status of the command (Engage/Release)is cisplayed.

3. A command is entered to rotate the canisters and extend the masts

after the Array Deployment Assembly has been placed in the desired position by

the RMS. The command is automatically sequenced by th_ array Pointing Control

Electronics Assembly (CEA). The reverse operation is performed for retraction ..

of the arrays and canister stowage. Item 3 illustrates the command status of

canister rotation (CS, CCW) and mast extension and retraction (ETD, RTC).

q. The selected CEA mode is indicated by two discrete bits (0, I).

The bits indicate whether the manual mode (sl_w to position, constant rate) or

automatic mode (sun track, trail) are to be performed.

5. The position of the Alpha (0°-360c) and Beta (0°-90°) gimbals is
[

displayed by Item 5.

6. Gimbal rate commands (0.5°/sec maximum) input vi: the kpyboard ""

are displayed by Item 6.
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Table 2.15-1. Power Control Inputs (SM Computers)

|- MDA power on/off Power distribution box
I.

Voltage regulator no, I Voltage regulator I

Ii - enable�inhibit I
; Voltage reg,,!_or no. 2 Voltage regulator 1

- enable/inhibit l
I Voltage regulator no. 3 Voltage regulator 1 !
-- - snable/lnhlbit _,

Voltage regulator no. 4 Voltage regulator I

1 - enable/inhib _t I!-

Voltage regulator no. 5 Voltage regulator 1

i - enable/inhibit i
. Voltage regulator no. 6 Voltage regulator 6

- enable/inhiblt

I- 1
_. Voltage regulator no. I Voltage regulator I _

- control authority on/off _

Voltage regul_cor no. 2 Voltage regulator I ;
- control authority on/off

Voltage r_gulator no. 3 Voltage regulator I "On'' command

- control authority on/off restricted to ,

one regulator ,.-
Voltage regulator no. 4 Voltage regulator I
- control authroity on/off on each bus

(exclusiv_ OR}

i Voltage regulator no. 5 Vo3tage regulator I
- control authority on/off

I Voltage regulator no. 6 Voltage regulator 6 ':"
" - control authority on/off

Voltage regulator no. I Voltage regulator I
- voltage adjust level

Voltage regulator no. 2 Voltage regulator 2 :,

- voltage adjust level ..

Voltage regulator no. 3 Voltage reguiator 3
- voltage adjust level

I Voltage regulator no. 4 Voltage regulator 4
- voltage adjust level

Voltage regulator no. 5 Voltage regulator 5
- voltage adjust level

Voltage regulator n . 6 Voltage regulator 6
- vol_age adjuat level
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, Table 2.15-I. Po_er Control Inputs (SM Computers) (Continued) 'l
,,

. MDA power on/off Power distribution box I " i]

I I/

Voltage regulator no. I Power distribution box
- switch - open/close

Voltage regulator no. 2 Power distribution box i
- switch - open/close -'"

Voltage re&ulator no. 3 Power distribution box Open if Ix i-
- switch - open/close is ne&a_ive (reverse ;iL_

Voltage regulator no. 4 Power distrubution box current)

- _witch - open/close
[

Voltage reguJator no. 5 Power distribution box

- switch- open/close
.i

Voltage regu tot no. 6 Power dis_ributio, box

- switch- open/close _ _

In-flight disconnect Power distribution box
- to. 1 arm !

-- In-flight disconnect Power disconnect box
- no. 1 fire ? follows "

1 in 10 "(
In-flight disconnect Power distribution box sec. if no :_

, - no. 2 arm disconnect _- '

In-flight disconnect Power distribution box _i
- no. 2 fire i

7. Regulator sense voltage matching regulator output levels to the
-T

bus are controlled to within 0.02 volts. Setting levels are displayed in Item

7 adjacent to their reference number desig._tion.

8. The position of the power distribution contactors are set via the

Keyboard. Their commanded positions to open or close are indicated by a dis- "" ,

crete bit. (0, I) adjacent to their numLer designation. -_
!

It should be noted that parameters associated with the ADA latches are dis-
-t

played on the RMS display format _ype SPEC/094 as follows: i
.b

A. A nuneric value (I-5) wil= be displayed adjacent to PL SELECT to indi-

cate the payload selected to activate the circuitry associated with the reten- "[

tion latches. This refiners the Position o? the PL SELECT switch on Panel A6.

B. PL LAT RDY are discrete outputs providing an indication that A, B and -_ , ,
C micro switches selected by the PL SELECT switch are in the proper Position .. :

for latch._ng. Text outputs are 1 or O. .:

120 . , _
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Table 2.15-2. PEP ADA Control Inputs (SM Computer)

_---, |. Input Destination 4ctes :

Power connector Power connector Requires MDA "ON"I

l- engage/release actuator

Restraint release Elec. assembly

' _ control/8olenoids '
!

t.. Cannister rotate, Elec. assembly

ma_t extend control/motors

Manual/automatic Elec. assembly
mode control/motors i.

Suntrac_trail Elec. assembly ;
submode control/motors

Slew to position/ Elee. assembly
constant rate control/motors

submode

Oimbal rate (alpha) Elee. assemoly
control/motors

Oimbal rate (beta) Elec. assembly
control/motors

Gimbai position Elec. assembly

(alpha) control

. ixxxx xxPEPPV_R_-_XXX PWR CONNXXX CAN RO X XX

AUTO_AANUAL __ XX MASTEXT IXXX 2XXX

GIMBALPOSITION INFLIGHTDISCONNECT
l 2

ALPHA._---XXX ARM X X

BETA XXX FIRE X X :

GIMBALRATE

, _XX
) BETA -'_XX

i" REGULATORADJUSTLEVEL

I XX.XX 2 XX.XX 3 XX.XX 4 XX.XX 5 XX.XX 6 XX.XX

" PDBSWITCHSETTING

__X_ 2X 3X 4X 5X 6X
i-
:- Figure2.15-2. PEPControlDisplayFormat

.- ,2, I
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1979025068-126



C. PL LATCHED are discretes indicating _, B t.nd C micro switches have

been latched. Text outputs are I or O.

Status Display--Thls display provides the crew with the capability for I

on-orblt monitoring of Array Deployment and Power Regulation and Control

Assembly compGnent failures. T

Figure 2.15-3 is the PEP Status Display Format. It is formatted with data .;

processed by the Systems Management GPC with raw and semi-processed data
"X

obtained from the PEP system. The data will be continuously displayed M_en the J

PEP is in operation. ""

I. 1"heglmbal rate portion of this display shovs the actual rates ""

commanded by the rat_ _l.orltrun within the CEA and the actual rate derived ""

from changes of the shaft encoder poslctoc data with respect to time. The i

rates are siren tn degree_ oar seco.d. The status column after the actual .

rates will display an "M" to indicate Hen data is missing.
?

ALPHA_, ,,_...-r,,BETA
GIMBALRAE ACT .XX S//_" •XXXS

C.,MD .XX "" .XXX
GIMBAL POS ACT XXX.X S XX.X S

C_---- XXX.X XXX.X

PEPFAULTS i

GIMBALS ALPHA BETA t

tDAA X X "
SPA X X "------

_NSENIPROC X M/DA ICF PX BX'_

CEA MCEA--"PX BX PDC PX BX --

PROC PX BX PDB SIX S2XS3X S4X
__ _ SSX SOX

CANISTER _-.-.-I)( 2(X) REGS RIX R2X R3X R4X I[

_. R5X R6X |

Fegure2.15-3, PEPStatusOispl-yFormzt I
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, 2. Oimbal position is also provided in terms of actual and commanded
t

values. Commanded values will vary with mode; for manual modes the data will

', be that input by the crew while that provided when in automati,, mode will be |
!

that provided by the sub sensor and output by the CEA. The posiclon is given

1 in degrees. The status column a.'terthe actual position will display an "_f'to

L. indicate when data is missins.

3. PEP faults attributable to the 8imbal system are shown to ensure

i. that operations will be modified nr halted should a failure occur. TheL .

offend__ng units comprising the Drive Actuator Assy (DAA), Servo Power

i (SPA) Encoder (At) will be indicated down
Amplifier or Angle by 8 pointing

arrow" C .

q. Loss of the sun sensor or processor, indicated by a down pointing

arrow (+), is provided to indicate that the crew should revert to fixed rate

operation.

5. Loss of functions in the Control _.lectronics Assembly (CEA) are

_ indicated by a down pointing arrow (¢) for ._r!r,,aryand backup systems. They

include faults within the multiplexing and encodin8 assemblies (MCEA), --

interface control function (ICF) and microprocessors (PROC). Since the systems

are dual redundant their loss does not require mission cancellatior,; aiternate

units may be selected by addressing. However, the readouts allow the crew

and/or ground to assess reasons for the failure(s) and perhaps alter proce-

dures or improve environmental conditions.

6. Item 6 provides a similar assessment of a fault in the

multiplexer/demultiplexer assembly (M/DA). They include the interface control

function with the CEA and the power distribution control (PDC) module. A fault

is indicated by (_).

7. Failure of array or canister motors to operate is a critical

failure indicated by an (_). EVA action to t_r.eor jettison the faulty unit is

required. Alternatively the ADA may be jettisoned. _ ,

8. Item 8 indicates a loss of either a switch or reEulator and is

indicated by an (+). The option in either ease is to reconfigu,'e the switch

settinss.
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2.16 A_IONICS THERMAL CONTROL REQOIREMEN:_

Objectives

The objective of this study task was to determine the suitability (,fthe
2thecmal control design for ADA located avionics and electrical power co_ _-

nents.

Conclusions and Recommendations

Key 3rbiter orientations and orbits were examined to define worst hot and |

tran3ient conditions. This analysis included effects of Orbiter bottom

infrared (!R) energy impinging oi:the array deployment assembly; solar and

re-refleo.ticn effects were not includeo. T_e h_ttest c_su identified consists =, .

of at,astronomy mission at 90° beta angle which locates the _rray under the

Orblter bottom (-Z solar inertia).

The worst case transient occurs at low earth orbit where the avio. ics see high ""
!i

levels of earth albedo and IR on sun side and then cold space on the shade _" ,

side of the orbit. --

_m

A compilation of avionics thermal requirements show_ that non-operating limits

range a_ great as -22 to lq9°F (-30 to 65°C_. The smallest r_n3e is 5 to 122°F i

(-15 to 50°C). Some operating limits are more stringent, 32 to lq9°F ,S to

40°C) for sun sensor processor. Sustained power levels are _mall, the maximum ""

being 150 watts for the array diode assembly. --

The thermal analysis showed that non-operating temperatures were low, down to

-79.6°F (-62°C). Electrical heaters or other means of obtaining heat input
°r

will be necessary for non-operating cold cases.

i

The highest operating temperature occurs for control electronics, which

reached 98.6°F (37°C) at 90° beta condition when operating at 40 watts normal i_t

power level. This is below the maximum allowable of 122°F (50°C). The control

electronics would exceed the 122°F (50°C) limit if the 80 watt peak power '

level was sustained.

The cursory analysis results reported herein indicate the feasibility of the ._.

current PEP design to maintain avionics temperatures within liml_s. A more ,

detailed analysis is recommended for Phase C/D to precisely size heaters and

determine detailed design for the avionics components.

:-_ I" 124
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'[ Assumptions

,_ ,- The following assumptions were made.

I_ • Heat Is lost from the top surface of the components except for array
diode assembly which assumes top and two side surfaces.

t

• Insulation sized for 10°F (-12°C) temperature drop between equipmentl- andsurface at sustained power levels.

• Orbiter bottom surface characteristics, solar absorptivlty/emmlssivlty

: 1.0.

• Orbiter orientations

i Processing and Life Sciences nose gravity gradient, -X
LV, Z POP (low beta)

uEarth Observation - bay to earth, Z LV, Y POP (all beta)
• uSolar Observation - bay to sun, Z SI (high beta)

( --Astronomy - bay perpendicular to orbit plane, Z inertial, X IOP
|

,, L (all beta)

• Avlonios surface emmlssivity --0.9

Approach

The approach to assessing the suitability of the avionics thermal control

design was to calculate expected component temperature histories for severe

environment conditions and then compare the results with allowable tempera-

! tures. Allowable temperatures for the compo.ents were obtained from supplier

data and is given in Table 2.16-1.

Table 2.16-1. PEP Deployed Avionics Cooling Requirements

'_ Temperatures (°C)
Power (watts),

Item Operating Nonoperating nominal�max

Sun sensor processor 0 to 40 -25 to 50 2.5/2.6

I Control electronics 0 to 50 -15 to 50 401'80

Actuator and power -- -30 to 65 --
( connectors

Drive motor -29 to 66 -- ll.5/TBD

I Array diode assy -65 to 115 -- 150/150

i
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Worst case conditions for the analysis were determined by comparing the indi- _

vidual contributions of earth infrared (IR) and albedo and Orbiter IR. Maximum "'

hot case and maximum orbital fluxuation cases were selected for analysis. i

A two-node transient model was used to calculate temperatures at 10 points

around the orbit. Several orbits were run -atil the equipment temperature _

change at the start of successive orbits was less than O.05°F (0.028°C).

i

, Results

Table 2.16-2 shows the approximate levels of expected heat fluxes which would

impinge on the shade side of the array deployment assembly. The hottest envl- 1

ronment is expected to occtr during an astronomy mission at high beta angle

iwhere the bottom of the Orbiter produces the maximum infrared influx to the

avionics. Substantial earth IR also strikes the avionics for this condition.

The 90° beta condition is severe since the Orbiter/PEP is in the sun continu- --

ously; the cooler earth shade environment is not encountered. ..

The greatest environment extreme occurs with the astronomy mission a low beta
te

angle. Full earth albedo and IR are experienced during sun side operation and

cold space is encountered during shade __de operation. ""

Table 2.16-2. PEP Avionics Incident Heat Fluxes for _pical Missions "_
{

Heat influxes

Beta Earth IR

Mission type Orientation angle and albedo Orbiter Total _

Space processing -X LV Low Med to high Low Med -

and life sciences Z POP A

Earth observation Z LV All Ned to high Low Med

Y POP I

Solar observaticn Z SI High Med Low Low
e

Astronomy Z inertial Low Med to high Low Med I
X IOP

Low Med High Med to hign
|*Worst case bottom to sun-- PEP located ,mder bottom.

I
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Calculated avionics cemperatures are given in Table 2.16-3 £or expected levels
of power output and re- the two worst case environment cases. The allowable

i temperature ranges are also given for reference. Power-on cases for the actua-
l
- tor and power connectors and drive motor are not given since operation of this

[ equipment is of" short duration, occurring only during deployment and retrieval
I

_. where worst case orientations are not expected.

I The results show that low when is nottemperatures OCCur equipment operating,

r_nging as low as -79.6°F (-62°C). Heaters or warm mounting locat:ons may be

necessary for these conditions. Normal operating power l_.vels result in
acceptable temperatures, how_ver, the maximum power level of"80 watts for the

control electronics results in an over-temperature of` up to 73.4 oF (23°C) £_r

_he hottest environment. _e high power level is expected to be short dura-

tion, however, ant )t a design condition.

Table 2.16-3. PEP Avionics Cooling --Equipmen_ Temperature Predictions

Temperature (°C)

Allowable 0o
Power range beta 90_

Item (watts) (oc) Maximum Minimum beta

Sun sensor processor 0 -25 to _0 57(1) -62 (I) -l_
_.5 0 to _0 _30 (I) -35 (I) 6

Control electronics 0 -15 to 50 -57 (1) -62 (I) -i_

&0 O to 50 13 lO 37

80 O to 50 56 (2) 53(2) 73 (2)

Actuator and F_wer 0 -30 to 65 -57 (I) -62(1) -i_
connectors

Drive motor 0 -c9 to 66 -57 (li -62(l) -14

.Array diode assy 0 to 150 (3) -65 to 115 55 -3 82

(_'l'Heaters may be required.(2)
__/3_N°t a sustained power level.

No power on shade side of orbit, 150 watts on sun side.

i" "
t

[
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2.17 THERMAL CONTROL CONFIGURATION DEFINITION ._
' Objectives

This task compared active versus passive thermal control configurations for

cooling PEP voltage regulators. Since the thermal control confi_uratlon has a

major impact on overall PEP structural configuration, the trade addressed the m_p

: major affected program parameters of _ost, weight, bay volume considerations _

and ground operations.

Conclusions and Recommendations

The passive concept tmwoves heat rejection, eliminates fluid interfaces _ _

between the PEP and Orbiter and simplifies ground operations. These advantages -,

are offset somewhat by a I/2 million dollar cost Itcrease and a 38 ib (17.3 -.

kg) weight increase. Some planned EVA routes may require minor modification

due to the assumed passive configuration location.

t_

Use of the passive concept reduces the Orbiter heat rejection load by an

amount equal to PEP regulator parasitic loss, approximately 3 kw. This enables

the PEP/Orbiter to operate at higher power levels, up to 3.4 kw. --

Freon 21 fluid interfaces between the Orbiter and PEP are eliminated with the _

passive concept. This results in reduced complexity, Orbiter scar weight and

costs to modify Orbiter for PEP installation. Safety is improved because fluid

lines, disconnects and cold plates are eliminated. The passive concept is ""

judged to be more reliable than the fluid concept. Ground operations are --

simplified and schedules shortened by the elimination of fluid interfaces. -.

Orbiter serial impact time for initial installation Js reduced from 34.5 hours ..

to zero by the passive conceDt. This corresponds to costs of up to 0.7 million

dollars in 1980 dollars. A significant time saving results for operational PEP

installation and removal of about 1.5 hours per operation, i F

_b

Based on the results of this trade study, it is recommended that the passive • i
!

concept be studied in greater depth with particular attention given to the

following issues :

t1. EVA route intrusion

2. Orbiter bay thermal impact

3. Use of honeycomb structure

4. Design optimization

/ 128 . ,
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[
[ .Satisfactory resolution of these issues is expected to provide sufficient data

for a final decision on passive versus active thermal control.

I. Assumptions

The following assumptions were made for the passive concept:

• Sun side regulator heat load = 2 92 kw '29 kw total power)

• Coating performance, ;bsorptiv_ty _olar/emmisslvity thermal = 0.105;

emmisslvity thermal = 0.76

• 2TO nm attitude

1 • Adiabatic surface on passive panel undersides
t

• 3 kw fuel cell power level in sun

I • Regulator temperature limit at base = 150°F (65°C)

( • 4 man/orblter crew

• Flash evaporator performance limit = 30 lb/hr (13.6 kg/br) of water

1 throughput

• Heat pipe temperature drop = 10°F (5.6°C)

• 6 regulators with basepZate of 16 x 20 inches (40.8 x 50.8 cm) for each

regulator

• Orbiter orientations

I. Earth viewing, XPOP, ZLV and YPOP, ZLV with 45° roll (low beta)

2. Solar observation; ZSI (high beta)

3. Space processing and life sciences, -XLV, ZPOP (low beta)

Approach

The approach to this trade is shown in block diagram form in Figure 2o17-I.

The trade compares the passive versus reference design active configurations

by examining the change in key program parameters when incorporating the

passive concept.

Referring to Figure 2.17-I, initial trade tasks included identification of key

trade criteria and definition of recuirements to be used in the passive con-

cept preliminary design. These reouirements are derived primarily from the

reference design effort but supplemented in areas unique to the passive

approach.

A preliminary design was generated on the passive concept to a depth consist- |
ant wi" the reference design with carticular attention given to characteris-

tic definition corresponding to the trade criteria. Supporting analyses were
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PERFORM ANALYSES
1. REGULATOR TEMP-

MENIS AND PRELIMINARY 2. GROUND OPS _._
CONSTRAINTS FOR DESIGN FOR 3. HEAT REJECTS.ON

PASSIVE , • 5. BAY THERMAL EFFECTS "
6. COSTING

, 7. EVA/PL BAY iNTRUSION/

IDENTIFY TRADE _ " )CRITERIA : !

/J

COMPARE
CONFIGURATIONS

|

r-- ...... -I i
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perf'ormed to 1) determine adequacy of the design, 2) develop detailed data

corresponding to trade criteria and 3) determine performance characteristics.

The configurations were then compared in a systematic manner bdsed on the

trade criteria. The preferred configuration was selected and recommendations

made for program action.

Results

The passive thermal control requirement is to provide up to 2.92 kw of cooling

for the PEP voltagL regulators and limit the temperature to 150°F (65°C).

Location of the PEP equipment is constrained based on EVA path and payload

reserved volumes. EVA reserved envelopes summarized in Figure 2.17-2 were

obtained from "Space Shuttle System Payload Accommodation,', .;SC07700° Volume

XIV.

Figure 2.17-3 presents the passive thermal control configuration in isometric

form. The configuration consists of two flat panels, each is positioned

between the Orbiter sill and a point just above the airlock. The two panels
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join at this point by a hinge connection. The p_nels are aft of the airlock I_k

hatch to preclude interference wlth hatch operation during EVA. Heat from the

- voltage regulators is distributed over the panel surfaces by heat pipes and I

-- subsequently rejected to space.

Extruded sections are welded together to form the panels. These extrusions I "

; c_ntaln the heat pipes, the radiatlng surface and flanges for mounting the _

regulators on the panel underside. Additional stiffening panels are added to I

obtain adequate rigidity to withstand vibration, acoustics and acceleration

loads. Thermal characteristics of the radiating surface is provided by silver I

teflon material with a low ratio of solar ab orptivity/thermal em_issivity.

A previously developed an_nonia heat pipe was selected for the design which

m._.nimlzesprogram risk and cost. This is a NASA-GSFC aluminum heat pipe wlth

an inside diameter of 0.34q inches (0.87 cm) and a standard 0.0q25 inches

(0.11 ore) deep axial groove geometry. "_

A weight statement for the candidate thermal control configurations is given

in Table 2.17-I. Structural/mechanical weights are higher by 77 Ibs (35 kg)

for the passive configuratior, because of the heat pipe and extended surface _ •

requirement. This is only partly offset by elimination of thermaL[ control cold ""

plates, q7 ibs (21.q kg). Power distribution cables are 6 ibs heavier for

passlve because low voltage c_ble runs are longer. The total weight of _he --
,.

passive configuration is 38 ibs (17.3 k8) greater. This weight is offset some- __

what by SCAR weight to Orbiter for fluid lines which amounts to about 13 ibs ._

(5.9 kg).

Regulator Temperature. Limits--Performance capability in terms of regulator "_

temperatures was performed at two levels of detail. A detailed computer analy- --

sis was performed using TRASYS and SINDA computer programs for key orbital .,

conditions. The model consisted of 136 no,Jes for the Orbiter and 18 nodes for

the passive thermal control panels. This mod¢_, was also used to assess the

thermal effect o£ the passive configuratiorJ on the Orbiter payload bay.

A less detailed analytical approach was used to determine performance for all _"

orientations which the PEP/Orbiter is expected to fly. This analysis assumed T
an adiabatic surface on the panel undersides an_ the Orbiter radiator panel

effect was included in a cursory manner. Results of this slmpllfiec analysis

approach agreed wel_ with the detailed methods discussed in ths above para- _

graph.
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1 Table 2.17-1. Thermal Configuration Weight Statement

Configuration (values in

i pounds )Active Passive

1 Solar array 10B1 1031

t. Blanket assembly 615 615

Solar array wing box assembly 160 160

Solar array mast assembly 256 256

Structure/mechanical 300 375

Solar array supt. struc, assembly 126 126

Pwr regulation equip, supt. struc, assembly 68 143
"--" ! Solar array canister supt. mech. 33 33

2-axis solar array drive gimbal assembly 73 73

i Power distribution an_ regulation 698 703
Power distribution equipment 97 97

Voltage regulation equipment i,32 232

Distribution cables 169 174

RMS power cable assembly i01 lO1
L
a Thermal control h4 0

I A,,ionics 92 94

Total weight (lb) 2266 2304

Weight delta (!b) +38

Results of the de_ailed analysis is giver, in Figure 2.17-4 in terms of 4 node

temperatures of over several orbits. Node 8211 represents the regulator base

temperature. The orientation is for Orbiter nose towards earth with vehicle

hold to minimize solar energy on Orbiter radiators. This is a favorable orien-

tation and Ls typical of a low G long duration mission such as life sciences

or material processing,

I Data from the figure shows a regulator temperature variation of 47 to 96°F :

' : (8.3 to 35.6°C) over the orbit which is well below the 150°F (65°C)maximum
aliowed.

Figures 2.17-5 ant 2.17-6 show the results of less detailed anmlvses. Orbital

temperature variation is given in Figure 2.17-5 for key orlentatlons. The

(- " gravity gradient orientation agrees with the detailed analysis results. Tern-
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peratures for bay down orientation are from 80 to 120°F (26.7 to q8.9°C) which

also is well below the limit. St.ellar pointing orientation is not shown in the

£igure, tenperatures are between those for gravity gradient and bay down.

Results show that regulator temperature limits are exceeded for direct solar

viewln& at 90° beta angle and a power level of 29 kw. Regulator temperature

limits can be maintained, however, at electrical power levels below about 27

k_. The main reason for the much higher regulator temperatures for the solar

pointing case is due to the full sunlight orbit resulting in conLinuous regu-

lator Year output and continuous hot environment. The slight deficiency in the

passive design can be corrected by providing slightly largec panels. This may

not be appropriate considering Orbiter performance at high inclinations with

regard to payload launch capability and heat rejection capability. Orbiter

heat rejection cgpability limlts power output to about 17.4 kw for sustained

operation and solar pointing operation. Power levels above 29 kw are possible J

but time limited due to water storage limits; i.e., more water is required for

flash evaporation cooling than is being generated by the fuel cells. Since the

fuel cells are at idle £or 90° beta operation, considerable time is required

[ / 135f-_/-
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" tn store significant amountr of water. Therefcre, sustained operation at near |"

the 29 kw power level is unlikely and so 'I_.27 kw power level l'mit imposed "" i

by the current passive configuration is t to not be the limiting factor for -- i

solar pointing operation. .= ;

Heat Rejection Limits--Heat rejection limits in terms of allowable power lev- : i:
.&

els for Orbiter/PEP are given in Figures 2.17-7 to 2.17-10. Tile figures give

maximum power levels for Orbiter without PEP, Orbiter with the reference

design PEP with active cooling and Orbiter with the PEP passive configuration. "*

Three levels of flash evaporator system operation are shown corresponding to

no operation, sustained where just the amount of generated available water is .;

used and maximum where the flash evaporator is operating at full capacity. --

Crew water use has been accounted for in determining sustained operation llm-
am

its.

Figure 2.17-7 represents the most severe orientatiun and it can be seen that -"

use of the passive configuration increases aliowablc power levels over Orbiter --

without PEP for inoperative or maximum flash evaporator operation. This is ..

because fuel cell waste heat is lower with PEP. However, power levels for sus-
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tained flash evaporation is less with passive PEP than Orblter alone because

the water generation rate is lower due to the idling fuel cells in sun _en

PEP produces most of the power. Therefore, less water is available for cool-

ing.

The passive configuration offers a significant improvement over the active

cooling configuration for earth viewing shown in Figure 2.17-7, amounting to

0.8 to 1.3 kw additional power level.

Heat rejection performance for a less severe earth viewing orientation la

given in Figure 2.I?-8. This orientation is nose along velocity vector with

bay rolled 45° from local vertical. No difference in performance exists for

operation with no flash evaporation cooling because shade aide capability is

controlling. This occurs because shade side required heat rejection ia larger

due to large fuel cell waste heat loads in the shade. Baaed on the data in the

figure, the passive configuration allows up to 1,6 Kw hlaher power levels for

this orientation.

MODONNSE.& _MO_
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I A favorable orientation of nose gravity gradient wlth roll is given in Figurem
2.17-9. The passive concept allows up to 2.5 kw higher power levels. Since the

I maximum PEP power output of 29 kw can be accommodated with the activeconfiguration, the increased capability can be considered a performance

I marg in.
I

i Figure 2.17-10 shows that for solar viewing the passive concept results in 1

I to 3.q kw higher allowable power levels. The improvement of 2.1 kw for no
flash evaporation is particularly significant since little water is available

I or 90° beta operation. This results from the reduced fuel cell operation
which produces only 1,5 lbs/hr (0.68 kg/hr) of water for coollng use.

I Summarizing, the passive configuration offers significant performance gains in

terms of higher allowable PEP/Orbiter power levels a] limited by heat rejec-

';ion. This improvement amounts to power levels up to 3.q kw for solar pointing
with maximum flash evaporator cooling. Values for inoperative flash evaporator

I are up to 2.1 kw higher. This is particularly significant for earth viewing,stellar and solar pointing orientations where an inoperative flash evaporator

i may be advantageous to avoid water vapor in sensor fields of view.
Ground Operations--The aspects of ground operations which are particularly

I impacted by thermal control configuration are; (I) serial impact time to
Orbiter during initial PEP installation and (2) time requ-,ed for operational

installation and removal. Complexity and number of tasks required are also

important because of effects on ground crew size and potential turnaround

schedule holds.

I
Analysis of initial installation time lines shows that q8 hours are required

I for .routing, installation, brazing and X-raying the interfacing freon fluidlines in the Orbiter. The passive configuration does not require these tasks

thereby ellminattng 34.5 hours of serial impact time to the Orbiter. Cost sav-

I ings for this impact could amount to as high as 0.69 million dollars. This

cost is based on a serial impact cost of 20K dollars per impact hour in 1980

I dollars.

I Tasks associated with operational installation amounts to 1.5 hours for fluidllne connections. Operational removal requires 1.0 hours for disconnecting

f]uid lines. These tasks are not required for the passive concept and repre-

I sent a savings in the tlmeline. _-
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Some other ground operational tasks will be altered for the passive concept; i
, however, complexity and time requirements are estimated to be similar to the

reference active configuration. I
i

L

Vlbration/Acoustlcs--An acoustlcs/vibratlon analysis was performed to deter-

I
mine the adequacy of the passive design. Results showed the _dequaey of the

-

current design to withstand the induced Orbiter environment.

Bay Thermal Effects--The SINDA computer program was used to calculate payload

bay temperatures near the passive thermal control panels. Results are shown in
i

Figure 2.17-11 for 5 orbits and a vehicle orientation of nose gravity gradient _.

with Orbiter roll for favorable radiator viewing, Adiabatic panel undersides

were assumed. The temperatures of key bay liner nodes show an orbital range of

from about -200 to _O°F (-129 to -40°C). Thls temperature range Is within the ""

-250 to 20O°F (-156.7 to 95.5°C) range expected for bay surfaces specified In

JCD 2-19001, Shuttle Orbiter/Cargo Standard Interfaces.
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• The low temperatures resulting from this ana',,ysis suggest the possibility of

higher performance for the passive concept if heat loss from panel unde_'sides l
l

I is allow_d.
[

Costs--Table 2.17-2 gives the costs of items impacted for a program change
J

1 from the reference design to the passive configuration. Hardware costs for
t **

passive are about 270 thousand dollars higher. The higher costs for heat pipes

Is not quite offset by cost savings for eliminated active components. Addi-
tionally, system level _osts are about 230 thousand dollars higher resulting

I in a total cost differential of 503 thousand dollars.

Cost e_timates presented in the above paragraph do not include passive

configuration cost savings for reduced GSE, simplified ground operations and

elimination of Orbiter fluid interface modifications.

Table 2.17-2. Cost --Passive Versus Active Thermal Control

(in thousands of 1978 $)

Passive Active

Heat Pipe $ 780 Support Rack $ 290

Cold Plates 228

Plumbing 50

Trunions 50 Fittings hO

Cable l,h81 Cable i,_34

HARDWARE TOTAL $2,311 HARDWARE TOTAL $2,0_2

System Level 2,00h System Level 1,770

TOTAL $4,315 TOTAL $3,812

Delta $ 503

Volume Intrusions--The p3ssive configuration potentially intrudes into the

payload _,olume boa greater extent than the active configuration. There is an

intrusion above the sill, from x-axis Station 639.5 to 679.5. Referring to EVA

requirements, Figure 2.17-2, the passive configuration does not intrude into

area 1-A whl.'h consists of the flrst 48 inches (122 am) in the car_o bay.

J I
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i The passive concept reduces the EVA routes shown for airlock outside i"
configuration, l-B, This route is in_ended to provide access Into the Orbiter "--

,, bay. Since the passive panels restrict an FVA directly to the area above theatrlock hatch, routes may have to _e altered so the EVA ereenen get to top bay
t
, region from the front bulkhead area. The passive configuration is not believed

t_ unduely restrict this type of operation. !]

Area I-C, shown in Figure 2.17-2, Is required only for those missions wherein I
experiments may be deployed outside the dynamic envelope or where other exper-

iments require EVA. A proposed alternate route is over the top of the passive

panel near the top hinge line of the panels. Hand rails will be required

across the panel and perhaps along a port_on of the edge as required for EVA i

. translation from the airlock top door to the back of _he airlock. Some means I

of protection should also be considered to prevent damage to the thermal coat- !

in_s along the top of the panels. It is felt that an acceptable EVA path can I

be obtained with the passive concept.

The passive configuration potentially intrudes into payload volume for "Get

Away Specials n type payloads located in the passive panels sill support area,

Stations 639.5 and 679.5.

Loss of this area for payloads would not significantly reduce the total volume

available to payloads. Therefore, intrusion of the passive configuration into

payload volume is not believed to be a significant factor.

2.18 OEBITER DAP UTILIZATION/INTERFACE EVALUATION

Objectives

The object of this analysis was to evaluate potential constraints on the

Orbiter DAP when operating wICh PEP. Areas addressed were RCS thruster selec-

tion, limlt-cycle operation and Orbiter maneuvers.

Conclusions and Recommendations i

The following preliminary conclusions are based on the discussion below. A

0.02 Hz solar array wing cantilever frequency and a 200 ft-lb array mast !

strength were assumed based on the structural design crlteri_ work reported in

Se_tlon 2.8.

• The PEP will impose constraints on the Orbiter DAP; these constraints -"

will have to be defined on a mission specific basis. -.

142
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• Nominal limit cycle operation should use the VRCS

• Preliminary results indicate that inhibitlng certain Orbiter limit

_ cycle frequencies will not be required if a relatively small amount of PEP
[

compliance structure damping (one percent of critical) exists.

• I • The PRCS may be used for nominal limit cycle operations when

| insignificant plume impingement occurs.

• Maneuvers can be initiated with either the PRCS or VRCS. For maneuver

i rates greater than 0.03 to 0.04 deE/see, the solar ar'ay must be oriented so

that a thruster plume will not impinge directly on the surface of the array

I (i.e., thrust vector perpendicular to the array surface). Essentially any
& .

maneuver rate is possible with the VRCS from a dynamic load viewpoint when

i plume impingement does not occur. Maneuver rates with the PRCS will be limited
to O. 15 deg/sec to near I deg/sec depending on RMS and array orientation when

no impingement occurs.
• Inhibiting certain thrusters to minimize plume impingement appears

i feasible (rotational controllability maintained) with the PRCS from a thrusterlocation and orientation standpoint. Actual DAP software jet select logic must

b_ n_alyzed to verify this, however. The forward jets should be inhibited when

I- the array is forward and the left side jets should be inhibited when the array.

is posltioned to the left. Only PRCS thrusters with plumes above the Orbiter

i should be used ,llenthe is below the Orbiter. Orbiter translational
array con-

trollability cannot be maintained in g_neral when these thrusters are

(i inhibited.
• Inhibiting VRC5 thrusters to minimize plume impingement is not required

- xcept for maneuvers where plume impingement is significant. The limited num-. ber of VRCS thrusters make inhibition of VRCS thrusters undesirable though

geometrically feasible if only one VRCS thruster is inhibited.
I
!

Approach/Discussion

Orblter-induced PEP dynamic loads result from Orbiter motions and RCS thruster

plume impingement. Attitude motions can be divided into limit cycle motions

and attitude maneuvers. The dynamic loads are treated in Paragraphs 2.8 and

2.14 and some additional limit cycle analysis and specific DAP-related

discussions are presented here.

A first-cut approach to the loads due to Orbiter limit cycle analyze¢_ the mast

i root moment sensitivity to idealized one- and two-sided limit cycles. A

!.

J
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Fourier series representation of the Orbiter ideal limit cycle rate histories

was used with an Orbiter-rate-to-mast-root-moment transfer function to gener-

ate mast root moments per deg/sec as a function of limit cycle period. The °i

solar array/compliance structure was modeled as a single _xis rigid array con- °"

nected to Orbiter rotation through the mast root compliance structure. The i-! '_
: compliance structure frequency was 0.02 Hz and the compliance structure damp-

f

lng was varied.

Twenty-five hlgn fidelity Orbiter on-orbit flight control simulation results /

were obtained from JSCILEC (Space Shuttle Functional Simulation--SSFS). These

simulations were for a rigid Orbiter and did not include a deployed PEP. Since

PEP is relatively light, it was assumed that simulation results were valid_

Each case simulated one orbit and was reviewed and the limit cycle rates,

period between thruster firings (minimum, maximum, average), minimum impulse

bit and type of limit cycle (one- or two-sided) determined. The cases included

both the PRCS and VRCS and several orientations.

Plume impingement moments were evaluated by graphically integrating the

thruster pressure distribution over the array. Plume force and moment impulse

per Orbiter rate change was used so the effects on the PEP could be inter-

preted directly as a function of Orbiter rate change rather than thruster

un-time. Two solar array positio, ,re analyzed for plume impingement. One

with the array parallel to the x-z plane and the _S extended maximum to the

left (RMS/PEP Position 2, Figure 2.8-I). The second is with the array below

the Orbiter and directly below an aft thruster (Position 3, Figure 2.8-10).

Restricting various thrusters from firing when the array would lie in the

plume is a potential solution to plume loading.

. .

Orbiter angular rate changes cause linear and angular rate changes of the PEP

which result in dynamics structural loads. These loads were evaluated (Para-

graph 2.8) with a simplified model and preliminary maximum allowable Orbiter

angular rate changes were defined. DAP operation must preclude angular rate -"

changes exceeding the PEP constraints. If high rates are required, the rate --

must be implemented gradually to reduce the array and RMS loads. These con- ..

straints will vary on a mission specific basis and can be minimized by judi-

cious RMS/PEP placement. =.

°.
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Figures 2.18-1 and 2.18-2 define the peak mast root moment on each wine per

/ i Orbiter limit cycle rate as a function of limit cycle period for several corn-

' pliance structure damping ratios. Both two- and one-sided limit cycles are |

included. Only the peaks are shown but the function is continuous as a func-

tion of limit cycle period. Between each veak, the function drops to the 200

to 300 ft-lb/deg/sec level for all eases. N_e that the one-sided limit cycle

L peaks every 50 seconds of limit cycle period (both even and odd harmonies)

while the rue-sided limit cycle peaks only every 100 seconds (odd harmonics).

i Assuming that the mast root moment limit is 167 ft-lb (200 ft-lb minus 33I
ft-lb due to blanket tension), a VRCS limit cycle rate of +0.006 deE/see, andm

I an 0.01 compliance dam_'.n8 ratio, there is no requirement on Orbiter limit
t

' cycle period. This correlates with the simulation results discussed in Fata-

l graph 2.14. Reducing the damping ratio to 0.001 constrains the Orbiter limitcycle period to be larger than 150 seconds for the tkK_-sided limit cycle case

and greater than 50 (or possibly 100) seconds for the one-sided limit cycle

case. Figure 2.18-3 defines the relationships between limit cycle period, ra:.e

and attitude for the two- 3nd one-sided limit cycle trajectories.

The above discussion is worst ease from the viewpoint of limit cycle period

since it assumes an ideal limit cycle operating at exactly a frequency _.iuh

is a harmonic of the 0.02 Hz compliance frequency. As discussed below, actual

limit cycles are much more irregular. The mast root moments shown in Figures

i 2.18-I and -2 are not conservative from a plume impingement v_ewpoint since

plume impinEe=ent is not included.
j
i

Realistic Orbiter limit cycle characteristics were available from the 25 simu-

lation cases obtained from JSC/LEC (SSFC). The attitude dead bands were 0.1

a,zd0.5 degrees for the VRCS and one and three degrees for the PRCS. The ori-

entations included Z-axls local verticals, inertial holds and passive thermal

control (PTC) a_titudes with the X-axis in the orbit plane and canted 45

degrees from the orbit plane. The PRCS limit cycles were two-sided in all axes

i except for three Z-axis cases which exhibited a combination over a complete i
L

orbit. The VRCS limit cycles were both one-sided and two-sided depending on

the external moments. Of primary interest were the limit cycle rates and the

time periods between firings which defined the limit cycle frequency content.

t
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Figure 2.11t-3. Orbit Lim_t-l_de I_r_, Rate° and Attitude R_mn_i_

The maximum PRCS limit cycle rate observed was +0.06 d,:glsec. Similarly for

the VRCS, the maximum limit cycle rate seen was +--0.01deg/sec (X-axis). The

maximum seen about the Y- and Z-.axes was +0.006 deg/sec with the VRCS.

I The minimum angular rate changes due to minimum impulse bit firings observed

in the 25 eases were about:

PRC3
Roll (X-axls) 0.06 deg/sec

} Pitch (Y-axis) 0.05 deglsec
|

Yaw (Z-axis) 0.045 deg/sec

VRCS

Roll (X-axis) 0.006 deg/sec "

r Pitch (Y-axis) 0.002 deg/sec

: !_ Yaw (Z-axis) 0.002 deg/sec

I Some smaller changes were observed, but these are considered typical.

The limit cycle periods observed were very irregular. _nls is due primarily to

I, the time varying external aerodynamic and gravity gradient moments and also,

. . • .:: '' : 2' -_

"._.. -._................... - .... :,_=--- .£?,.,._,_-,,,--_- _. - .... _--_ ...
"T
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due to the non-symmetric control accelerations and complex thrust-_r on-off
Wl

logic. Because of the extent of the limit cycle irregularities obser led, it

wa_ not possible to accurately define the frequency content in the limit "=

cycles. Consequently, the potential for limit cycle interaction with the PEP =_

compliance structure resonances could not be significantly limited. Paragraph -r
I

2°14 discusses some effort at quantification of the interaction effects.

The plume impingement analysis showed that the PRCS and VRCS plume pressures _

varied approximately as the thrust level. Since the lever arms associated with

the primary and vernier thrusters are about the same, the solar array pl,=,e

impingement impulse for a given Orbiter angular rate chan_e is approximately "_

the same for the PRCS and the VRCS. The negative aspect of using the PRCS is

that the !_ait cycle rates are higher than for the VRCS because of the rela- ..

tive minimum impulse bit magnitudes. Thus, the limit cycle plume loads are

effectively greater for the PRCS. For maneuver rates larger than the PRCS rain- ._ i

imum rate change, PRCS or VRCS thrusters may te used if the rate change con
#

straints are met since the loads will be the ._ame. Plume load calculations are , I

discussed in Section 2.8. _Le maximum _lume load condition is fcr RMS Position
I

3 (see Figure 2.8-10) with the solar array 38 feet below the aft thrusters. : 'l
The allowable pitch rate change is 0.03 deg/sec When an 0.02 Hz compliance

frequency is used (Figure 2.8-10). Similarly in Position 2, the maximum yaw --
!

!rate change is 0.04 deg/sec when the solar array is in the thruster p.ume and ..

perpendicul_- to it. These rate changes are smaller than pos,ible with the __ J
t

PRCS as r_eJ in the JSCILEC (SSFC) simulation results. . !

Plume impingement for RMSIPEP Position I (Figure 2.8-I) is relatively small --

compared to Positions 2 and 3 if the forward thrusters are inhibited. Complete -- ,

attitude control is possible using only aft thrusters if primary thrusters are

used for pitch-up accelerations.

Orbiter maneuver limitations are defined by Figures 2.8-8 to 2.8-10 and dis- 1

cusse_ in Paragraph 2.8. For any large rate maneuvers, the array must not fall

significantly Jn a jet plume since the loads are excessive. The inertial load _ •

constraints are less restrictive than the plume load constraints. An. alternate

plume load reduction approach for large maneuvers is to "feather" the array by m

manually commandirg the Beta gimbal. Plume loads w_ll be reduced by about 90 I
f4

percent and the thermal constraints may become dominant. Either primary or

i'

=" " " MC--..LL _4_¢_LAS_ 148 I
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i

I vernier thrusters may be used for the maneuvers as long as the rate change

constraints are observed.

,[
a. The following results are based on Figures 2.8-8, 2.8-9 and 2.8-I0 (200 ft-lb

, mast strength), and a 0.02 Hz compliance frequency when the array is not in

_. the thruster plume. The three case_ analyzed are considered worse case for

each RMS position. Position I limits the pitch maneuver rate to 0.15 deE/see

I with the array alone the Z-axis and 1 deE/see with the array along the Y-axis.

The I deg/sec is large because with the array along the Y-axis, the pitch

array moment of inertia is very small and the compliance structure attenuates
L

the plunge load effects. The rate change limit in Position 2 is 0.22 deE/see

(no plume effects) or more depending on the array orientation and maneuver

axis. RMS/PEP Position 3 limits the pitch maneuver to 0.35 deE/see when the

i array is out of the plume.

2.19 POINTING/CONTROL AVIONICS CC,NCEPT AND OPERATIONS ANALYSIS

I
Objectives

i To analyze requirements/criteria for array extension, retraction and Alpha/

Beta gimbal control for various PEP operational phases and define syste_

functions/specification_ for integration into the Electronics Assemb!y_ Con-

' trol (CEA).

Conclusions and Recommendations

The keyboard functions/commands n_eessary to effect array extension, retrac-

tion and gimbal conrol were defined. In addition, CEA requirements for

initialization and self test were developed along with microprocessor

functional flow_ and function timing.

It is concluded that software organization and microprocessor operation is
¢

similar to that employed in the Spinning Upper Stage Sequence Control Assembly

(SCA) and that much of the work performed on the SCA is applicable to this

program.

Approach

This task is an extension of the results of Tasks 2.14, Solar AFray Control

Avionics Requirements/Criteria DefCnitions and 2.15, Control Systems Manage-

i ment- GPC and Array Cor_trol Processor Interface Definition. In some respects,

_" 149
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the analysis has been reo_ nted to provide data of interest to NASA personnel

• as defined by action items.

In general, operations to be performed after the application of power to the

CEA were reviewed arid means for implementing these operations were hypothe-

sl zeal.

• A microprocessor will be employed for CEA peripherals control.

• The connection between the CEA and the OPt will consist of data bus "¢ I

only. __i
• The input for commands to the CEA and display of CEA data will be via

th_ MCDS only. _ I

;i
Results --

The results of the analysis are contained in the following paragraphs. ..

Operational Controls--Since the PEP employs only one panel-mounted switch,

which is for power turn on/off, no AFD-generated interrupts are generated. An

external clock interrupt will be required for software sequencing. Keyboard

commands will be entered via the MCDS keyboard and, when received by the hard- "-

ware, placed in microprocessor Random Access Memory (RAM). An interrupt can --

then be generated to tell the software that a command is in the buffer.

Keyboard Commands--The CEA should be capable of receiving the following com-

mands and executing them upon receipt. ""

1. Set Discrete Output--Commands the software to set a specific output ""

which is specified by the second data byte. --

2. Reset Discrete Output--Comm_nds the software to reset a specific out- _.

put which is specified by the second data byte ....

3. Select CEA Unit No. I to TransmitNEnables CEA Unit No. I to transmit

while inhibiting Unit No. 2.

4. Select CEA Unit No. 2 to Transmit_Enables CEA Unit No. 2 to transmit

while imliblting Unit No. 2. -r

5. Rotate Canisters and Extend Masts--Command will only execute if pre-

ceded by a command to set discretes enabling canister drive motors. T
I6. Retract Masts and Rotate Canisters--Command will only execute if pre-

ceded by a command to set discrete enabling canister drive motors.

=
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I
?. Release Canister Restraints--CommanJ will only execute if preceded by

a command tc set discretes enabling latch release solenoids.
I

*' i 8. Latch Canister Restraints--Command will only execute it"preceded by a
I .

command to set discretes enabling latch solenoids.

I 9. Start Manual Mode--Slew to position sequence.
!

10. Start Manual Mode--Constant array rate.

11. Start Automatic Mode--Track sun.

! 12. Start Automatic Mode--Trail position.

13. Transfer Data Command--The software should maintain a transmit buffer

, containing status fields from both units (1 and 2) of the CEA. The buffer need

be updated no more than once a second.

Initialization--Upon turn on of the CEA, the software should perform self-test

routines verifying internal CEA operation. These tests would include (I) the

CPU internal registers, (2) ROM check sums, (3) RAM tests, (4) digital and

discrete input operation, and (5) power supply volt_e levels (see Figure

2.19-I). Upon test completion of all CEA functions, internal registers could

be initialized, ths discrete and digital data checked against tables in data

base, interrupts enabled and an idle loop entered.

O_eration--Subsequent to initialization the software_ as shown by the timing

diagram in Figure 2.19-2, should:

A. Poll all variables

B. Enter varicbles in buffer

C. Schedule work in activity queue

D. Perform work in activity queue

E. Return to idle loop

The receipt of commands and their implementation would follow the flows of

Figure 2.19-3, i.e., uF_n receipt of Command No. 7, wing box restraints would

be released and the e_ent displayed upon the MCDS CRT. This would be followed !

by Command No. 5 and also verified by the crew. _
v-

Upon receipt of Commands 9, 10, 11 or 12, the gimbal drive sequence would be

entered which provides outputs to the gimbal servo amplifiers. The process?-

would be goJerned by the computation of the equations defined in Task 2.13,

Solar Array Control Avionics Requirements/Criteria Definitions.

1

_COI_NNE&L I_IlJUO
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Figure2.19-1. Initialization " "
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Figure2.19-3. OperationsFlows

2.20 £MC ANALYSIS

Objective

To determine the radiated electric field intensity external to the Orbiter due

I to Orbiter transmitters and antennas.

Conclusions

High field intensities impinging on PEP will be produced by the Ku band commu-

nications (=149 V/M) and the S-band high power (IOOW) quad antenna systems

(_9 V/M). Since PEP does not operate at these frequencies shielding and

filtering of circuits should be highly effective. It is recommended that f%?

signals and signal thresholds be as large as permissible (consistc4t with

available transtorized logic elements) and that care be exercized in

grounding/shielding PEP assemblies.

Assumptions

i' • Antenna locations are _s shown in Figure 2.20-I. ' '
I

"" • Transmit power levels, transmit losses and transmit antenna gnins as

I specified in Space Shuttle Comm_nicaclo.s and Tracking RF Link Circuit MarginSummary. EH2-M/79-039. dated April 1979. '

I MC_O_I..LL--IJ_L_ 153
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Figure2.20-1. AntennaElementLocationsonV_hicle
ll

Approach

The initial step was to determine the distance at which a beam would be well --

formed. This occurs at a distance of: .:

11q D2/_ _"

"T

Where : _.

D is the diameter of the illuminator

A is the wavelength of the radiation

For the Ku band antenna a distance o£ 12.5M results.

Two methods ef calculating the electric field strength were then considered.

Method l--The Ku band transmitter po-_r to the antenna was found to be 13 dB l

(20W) or transmitter power output of 17 dB--4 dB attributable to circuit

losses. The power would radiate through an area defined by the distance to the I

,, object and the approximate antenna beamwidth.

Given a 1.6 degree beamwidth for the Ku band antenna a distance between the I

antenna and PEP of 14.6M, the diameter of the beam would be 14.6 X 1.6/57.3 =

0.41 meters and its area would he 0.13 square meters. Since the beamwidth is l
4

specified as the radiation half power points, the power density (P) was taken
D

as total radiated power/2 X I/0.'t3= 76 W/m 2. The electric field intensity was

154
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I
• IDI then found to be 169 volts/meter using the equation = (P X 377) 1/2

_ere
D

,_ 377 is the free space impedance.

,[ Since a._enna gain is defined as the ratio of the power intensity of the sub-

ject antenna to the power intensity of an omnidirectional antenna with thei

_. same power input, it can also be looked upon as the ratio of the area of a

sphere of radius R to the radiation area of the subject antenna's beam at
i
[. radius R; i.e.,

P

P2 P /kl-• . 0

t A2
L.

1
where

I
i P = subject antenna power intensity1

P = Reference antenna power intenaity
2

A = Area covered by subject antenna's radiation

A = Area covered by reference antenna's radiation
2

Then multiplying the gain by the power Input to the antenna and dividing by

the area of the reference antenna yields the power density at the range of

1 interest or

2

! PD = Pa/A1 = Pa A2/A 1 A2 = Pa G/A2 = Pa G/_R

where

: P = Reference an tenna power densityD
Pa = Power to reference antenna terminals

: G = Gain

R = Distance

But Pa G is simply the reference antenna isotropic radiated power (EIRP) and

the electric field intensity can now be found as before; i.e., "

=(P X 377) 1/2 = (EIRP X 37714 )1/2 X 1/RD

For an EIRP of 52 dB from the referenced document and a r=nge of lg.6M the

electric field intensity is found to be 149 volts/meter which is within 12_ _f

the figure obtained by Method I. Due to its simplicity Method 2 was selected

! . 155
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to calculate the field intensities for all Orbiter antennas in use when PEP is
deployed.

_'- Results ]

The field strengths calculated as a function of distance between the Shuttle

antennas and PEP are shown in Table 2.20-1. ]

J

Table 2.20-I. Electric Field Intensities Produced by Orbiter Antennas ]

Transmitter Spherical Field
power coverage strength =L

A_tenna (W) (_) (V/M)

Ku band (coBm) 50 1.6 2181/R

Ku band (radar) TBD TBD TBD
"T

S band quad 100 72 q2/R ,i

S band quad 2 ql 6.9/R

S band heml 10 qO-50 8.8/R

S band P/I 5 TBD 5.29/R

"iUHF (EVA) 0.25 85 0.27/R

-T

t

For distances closer than 12.5M for Ku band and at S band and lower

frequencies the validity of these values are questionable since the beams will
i

not be well formed. However, they should be a worst case. ._

Figure 2.20-2, PEP Clearances - Deployed, can be used in conj_mction with
i

Figure 2.20-2, to estimate electric field intensities impinging upon PEP ""

equipment. The lq.6_ separation used in the "Approach" calculations _as -_

obtained from Figure 2.20-2a. A di3tance of q.8 meters, obtained from Figures ,.

2.20-2a and -c may be used to calculate a value 8.75 VIM from _e S-band Quad
*T

on the lower fuselage. =.

*T

m@

.t

)
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2.21 ALTERNATE SOLUTIONS FOR PEP/RMS SIGNAL AND DRIVE POWER HIRING

ObOective

To determine the best method for transferring power, control signals and data

between the array deployment assembly and equipment in the payload bay and/or

aft flight deck.

Conclusions and Recommendations

On the basis of qualitative and quantitative trades, it is concluded that the

baseline, augmented by a switch box allowing both PEP and payloads access to

SPEE wiring, is the superior method for power, signal and data transfer.

Assumptions

Payloads may wish to use the SPEE wiring.

Approach

Two solutions to the wiring problem +ere considered. Option 1 consists of the

baseline, shown in Figure 2.21-1, modified to place a switch box in the jump

er cable between J9575 where the SPEE wiring enters the on-orbit station and

I the added connector through which it leaves. Option 2 ts to install a new



!t

I-A I-T'LLI- I:=Xe871 LONGERON SHOULDER

BULKHEAD CABLE " 1

I I

, --n °:

TOPAYLOAI_ _--_

I ,T, Ti
BULKHEAD " _

I m..ux I "ioE.ux
t .

! I
I=, -- ---- --J PFJ'POWER

INTERFACE " "

Figure 2.21-1. RMS Wiring/PEP Interface " "

cable to the MS providing the requisite functions to the array deployment

assembly, from the payload bay, reversing the position of the power connector

actuator to the SPEE rather than the grapple fixture side, and providing a new

switching capability in the on-orbit ;stationfor PEP component power on/off.

Results "

The options were first considered on _ qualitative basis as shown in Table , '
; ,

2.21-I. The major arguments against Option I stem from the constraints which ..

arise from using an existing design rather than any large impact resulting ..

from Joint PEP/p_yload t,_eof the SPEE wiring. The major argument for Option 2 i

is that it removes _hese constraints. 0vershado_rlngits positive aspects is

the requirement to modify the MS. Since the u_>diflcationappears to be exten-

sive, it does not appear to be an attractive solution.

In ordp_ to provide a more conclusive determination, the modifications for the I

_ options were listed. The ;esults, shown in Table 2.21-2, indicate that the

addition of a switch box on the AFD requires fewer modifications. Whether the I

component sh_ul._be chargeable to PEP or, Indeed, whether the assumption that

payloads vi_l require access to the SPEE wiring is correct is beyond the scope _ --

of th_ trade. _ i
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Table 2.21-I. Options for PEP/RHS Signal and Drive Power Wiring Trade

, [. Option Pro Con

I • Hakes maximum use of • Existing SPEE wiring does

I existing hardware, not provide complete
- redun_ancy.

' wiring precedent 1
• Reconfiguration of payload • Restricts available power

bay has in to 22qw for 24 VDC at
• the form of the payload sta- shoulder. !

tlon disributlon panel.

i • Switch box may be charged • Requires switch box in AFD

l

" to payload integration, to allow payload _nd PEP use. "

2 • Removes constraints on • Requires additional RMSpower level and deployment modification. '
assembly implementation. "

i • Isolates PEP system from • Adds restraining torque bo, payload changes. RMS movement.

• Actuator location on SPEE

] could interfere with payloads.
I

Table 2.21-2. Option Modification Listing

Modifications - Option I

• Replace 21 wire cable approximately 10 feet long with two five-foot cables.

• Add switch box containing 21 segment motor-driven switch.

• Add switch to switch panel.

• Add five-foot, two-wire cable between switch box and switch.

• Add two-wire cable betwP_n switch and 28 VDC.

Modifications - Option 2

• Modify RMS end effector to accept power connector actuator.

• Add approximately 30 pins to power connectors.

• Add 60-foot, 30-wtr_ cable between end effector and shoulder disconnect.

• Add connector to shoulder bracket.

• Add 20-foot, 30-wlre cable between shoulder bracket and MDA on power control

and regulator assembly.

• Add 20-foot, four-wire cable between power distribution box and A8J2 cn
bulkhead Xo 576.

• Add 10-foot, four-wire cable between ASJ2 and switch panel on aft on-orbit
station.

• Add two switches to standard switch panel.

• Delete (neg cost)19-wire, 10-foot cable between J9575 and A8J2 on AFD.

[ • Delete (neg cost) 19-wire, 20-foot cable between A8J2 and power regulation
' and control assy.

:i ' / 159
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2.22 COLLISION HAZARD ELIMINATION 4.

9b_ective

Identify potential PEP collision hazards and assess potential solutions. ]

Conclusions

It is concluded that PEP operaticns safety can be assu; ed with minimum addi- J

tions to PEP hardware and without significant changes _o currently defined

Orbiter operations. Crew involvement and development of detailed procedures in I

advance are key elements of the approach outlined below.

Approach ]

In all aspects, the PEP system intends to comply with the fail-safe design

philosophies adopted by the Shuttle program at its inception. Where collision

avoidance is concerned, fail-safe operation is achieved by a combination of

design features and operational procedures. In this regard, capabilities of I

the astronaut/operator are de_ended upon to monitor and control automated

functions and um- of existing Orbiter/RMS equipment emphasized. Complex colli- 1
|sion avoidance software ha,-not only been fotmd to be unnecessary, but, in

PEP, it is undesirable as a means of avoiding such accidents. I
|

Table 2.22-I lists PEP operations leading to potential collision nazards in

chronological order. It is important to note that five of the seven cases I
I

involve the normal RMS operations of moving an object frcm point to point. In

these cases, it is intended that all protocol evolved for this subsystem can |
!be applied in the operation of PEP. Hence: standardized procedures will be

utilized to enhance safety whenever applicable. |
|

The close proximity of the ADA to the PRCA and the Spacelab Module when stowed

(short tunnel installation) represents a collision hazard peculiar to PEP |
|

(Figure 2.22-I). While penetration of the Sp_celab pressure shell is a hazard,

the external fiberglass insulatic_, represents a fora of armor against colli- I
!sion. This is particularly true of its forward pressure bulkhead, where con-

siderable distance exists between the insulation and pressure wall. This pro- m

tection, combined with careful roundilg of all external ADA corners and use of I

Iow-RMS tip rates should eliminate the hazard. If a thorough analysis of thi:,

type of collision reveals that penetration is .-tillpossible, the Spacel__h can I

be sealed off d_ing the PEP removal/replacement operations, thus removing

this hazard from the catastrophic category, l
I

"_ 1Fm
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I Table 2.22-I. PEP Operations Involving Possible Collision Hazards :
i

Function Failure Catastrophic hazard

I/6 Removing/replaclng RMS or RMS operator Puncture of Spacelab or
PEP from/in Orbiter PEP cold plates

-' payload bay _

2/7 Moving PEP to RMS or RMS operator Damageto Oroiter ;

operating position/ structure and/or I_s
Orbiter payload bay insulation

3 E,_tabllshingcorrect RMS or RMS operator Damage to Orbiter
operating position zns,llation _._

4 inadvertent RMS Orbiter control Damage to Orbiter i;
movement system RMS cont__i strurture and/or C
system operator insulation _

failure l

i 5 Changing array RNS or RMS operator _amage to Orbiter ?
(Orbiter maneuvers) Orbiter control structure -rid/or _"

system insulatio I

,

FORWARD 0 \ OMITTED \ _ > / XAR_,Ay DEPLOYMENT\ FOR CLARITY) \ ,.// ASSEMBLY (ADA)

..,_-/ - STRONG BACK .:

" POWER REGULATIONAND
CON1ROLASSEMBLY(PR.;A)

BEAM MOUN'[ED

Figure 2.22-'1. PEP Installed with Spacaiab (Short Tunnel)
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Collision with PRCA is not an electrical problem since the solar array is

retracted and the Orbiter buses are not electrically connected to the PRCA

,; during this period. However, the voltage regulators are mounted on standard

. Orbiter cold plates and each of these is connected to both Orbiter thermal

systems. Thus, complete penetration of a cold plate can be a catastrophic haz-

ard. In PEP, this hazard is eliminated by design. Cold plates and their fluid

lines are protected on all sides from coll_sion penetrations.

Proced_al approaches to hazard reduc,-iou can also be used in the removal and

.'eplacement operations. Use of two operators as visual monitors would elimi-
Jnate reliance upon h_an depth perception. A monitor employing direct vision

in the must critical portion of Removal/Replacement essentially sees the Z-Y

-", plane _Orbiter coordinates) but one viewing a video display of the RMS elbow ]

G.-:._.'istc_mera would see the X-Y plane. Thus, a two-monitor system would be
m

better able to avoid collision during Removal/Replaceme.*_t.Use of the RMS [

automation capabilities will also reduce the probability of operator error.

This will be _'actical in both Removal/Replacement and _oving PEP to and from !

its operating position (2 / 7 in Table 2,22-I) since relatively few end posi-

t.ionsare involve. For example, the ADA will generally occupy the same loca- I
E

tion within the Orbiter for all missions witL a Spacelab Module. Similarly,

the operating position of the RMS can t_ the same for all missions u_ing a T
Y-POP Orbiter orientation (as in earth observation and solar observations in

Spacelab 2). Prog_amming of these multiple use RMS ._ctions can be thoroughly
T

verified prior to use. Hence, the only manual operation of the RMS in PFP will I

in'_olve the actual grappling of the ADA during removal and final placement

into the retention latches upon return. This should amount to no more than a I

few inches of correction to the end point of the automated trajectory.

In regular operations, it is plammd to move the ADA from its stowed position I

to its operating po._itzon prior to deploying _he array wings and to retract

- them before returning. This allows simple compliance with a grou_drule that I

op_ratcrs have visual reference to all portions of an RMS payload at all

times. Again, this RMS trajectory _,illbe automated and t_o oper=tor/monltors l
g

employed with the two independent sources of visual information (video and

direct). I

!
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1

I As describeO _bove, the basic P£P/_S operations (moving the ADA positions)

are, _s a minimum, f_il-sa_e/f__" saz'_from a collision standpoint. An inde-

, pendent mo_ttor system applies to an automated RMSis safe under any combina-

tion of two operetor/,%qS failures and man)" ._S failures require multiple elec-

trical point failures. Possible cataztrophic hazards resulting from a

collision within the Orbiter ba_-d,.ring_emoval/Replacementhave been elimi-

nated by design features that limit damage due to impacts.

Safety in event of gimbal or array pointing system failure is R basic feature

of PEP system design. Fundamentally, the solar array is stabilized with

respect to the sun. Thus, if the Orbiter is stabilized to its local vertical

(gs in earth-viewing operations), the array rotates with respect t.oits car- ,:

rler. This orbital rate gimbal (a) gimbal axis is typically positione_ perpen-

dicular to the orbital plane. On PEP, t_._esecond (B) axis is perpendicular to

the axis, peral'el to the array's long dimension, and on the array side of the

rotating (a) interface.

In practice, the FJ4Sis always located so that the array rotation path about

,.healpha axis clears the Orbiter (Figure 2.22-I). In this geometry, the array

cannot co,lide with the Orbiter with any combination of gimbal or glmbal cc_-

trol (point.ng) system failures. Thus, the gimballpointing system is inher-

ently fail-safe.

But safe operation is obviously dependent upon establishing this initial _N$

position accurst.ely.As previously described, this position will be reached by

programming the _45 and its position can be verified by reading all RMS joint

angles. This is not, however, a positive check because a joint encoder (posi-

tion feedback) failure could conceivably result in verifying an erroneous

position. To guard against this failure, the PZP system utilizes a _ompletely

independent means of verifying the safety of this Inltial position. On the

RMS, the wrist camera is initially used to sight a grapple (docking) target

immediately adjacent to the PEP _imbal system. Two 10-inch mirrors, canted _5

degrees to the camera's LOS, lie e- e_ch side of the small PEP target. These

are oriented so timt an operetor sees, as background to the grapple target, a

split video image .lti:an optic axis along each array wing and parallel to thp

axis, After verifying the fir.alI_d$position by all indicated join_,angles,
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i
and prior to deploying the array wings, the operator rotates the ADA through I

180 degrees RMS wrist roll. Since the wrist roll as axis is fixed parallel to

the gimbal axis, the two operators/monitors can view, by wrist camerz video
idlsplay, the total path swept out by the array during operations. Thus, a com-

pletely independent safety check of the operating position is accomplished. 1
: This discussion indicates why dependence upon collision-avoidance _-_>ftwarein

PEP operations is undesirable. Such software must, in turn,de_nd upon the I
dk

accuracy of each RHS joint angle feedback encoder. If this instrument provides

erroneous information, collision avoidance software can approve a collision
Ipath. While it could be ,J_eful in extensive manual operations where each move-

ment cannot be preplanned (as in retrieval of a free-flying object), it has
#

little value when the RMS is primarily used in a preprogrammed mode. Here the

only failures that could cause collision are eith._r in the software or in the

joint encoders (assuming one joint at _ time prof,ramming where failure of any
ql

one Joint to reach its goal interrupts the program). Here, software can be

thoroughly checked on ground simulators and a J>Int encoder error cannot be "_

detected by collision software. Thus, it is be)ieved that programmed RMS ""

motion, combined with dual operator/monitors following procedures that allow --

them to visually detect (by completely independent means) impending collisions .. ,

due to any failure scurce, represents the safest mode of operation. ..

After the final operating position of the P_S has been verlfied, it is locked

into its idle mode. In this mode, power is removed from Joint servo saps and

the brakes are applied to each _45 joint. RMS brakes are a "dead mP_n" design

(z.e., _x)weroff is brake on) and multiple electrical point failures are
requir,._ to disengage (power on) the brake or to power a servo which, under

some conditions, could over-power the brake. 1
The brake could also be overcome by external forces which may be caused by a

failure in the Orbiterfs attitude control system. To guard against any failure J

which inadvertently causes RMS motion during PEP operations, output of each

joint shaft encoder are connected to the RNS audible warning system. In this •

|: regard, it is noted that (in some PEP operating positions) the angular clear-

ance between the deployed array i_ small (on the order of five degrees). How-
MM

ever, in an attitude-hold mode, the amplitude of typical limit cycles is gen- I

erally small (usually less than one degree) and the period long (an analysis

I
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I
, _ of many different mission simulations yt¢,lds an average limit cycle period of

2.5 minutes . But even _ a case of complete RM$ brake failure, Joint angular"

l motion should be iess than limit cycle amplitude and it would also be oscilla-
tory. While differences in friction may, in this situation, produce a drift of

l the joints center position, the time avai]able before action is required toavold collision will typically be several limit cycle periods even in the most

critical array positions. While _H$ failure during an Orbiter attitude maneu-

vet may need more rapid correcti_e action, operational procedure will require

the crew to place the array in a noncritical position (generally requires only

PEP/RMS

will be continuously monitored during an attitude change.

i-
.. As mentioned, operational _rocedures may require relocation of the array prior

to a maneuver. This is done to remove the array from close proximity to the

. Orbiter, but to also remove it from direct plume impingement regions (particu-

larly those of the primary RC$ thrusters). If PRCS is to be used, plume avold-

i ante additionally involves inhibiting all forward thrusters, and for this rea-

son the PEP array will be retracted if PRCS translational maneuvers are

I required. Alsc, PEP and the RMS will be stowed in the payload bay during any
¢

firing of the OMS engines. For these reasons, array repositloning accompanying

; an Orbiter maneuver may be a two-step process: it will first be moved to a

noncritical region and then (post maneuver) moved to its new operating

position.
i

Current RHS operating rules prohibit PRCS firings when a loaded arm is being

I moved. In general, this does not impact PEP operations sJ. _ost maneuvers

are very low rates (Spacelab 2, which uses frequent pitch _ ou-ers, is lim-

T ited to 0.25 deg/sec) through large amplitudes. Hence, time can be available
,

during a coast period to allow arm movement to its new operating position. In

some cases, notably S_,acelab 2, @_ich wlmarily maneuvers about a POP axis,T"

changing the array position can be accomplished with the PEP gimbal system.

|" In changing the PEP array position in response to Orbiter mar=euvers, proce-

" dures are generally identic_l to those previously discussed. Point-to-point I
I

.- movement of the RHS will be controlled by validaLed software and visually men-

. itored by two operators using independent means (direct or video). RMS paths

will be chosen to maximize t.eir vlslbility and if constant visual reference
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[
(array to Orbiter) by both operators cannot be maintained, the array will be f

retracted prior to movement. Similarly. if the motion involves _ new RMS posi-

tion that cannot be accurately checked by other visual means (in addition to
,.j

Joint position feedback display), the 180 degree wrist rotation visual sweep

will be accomplished. In this regard, it will not be necessary to rptract the :_"t

array prior to this safety check because wrist camera field of view will be "_

sufficient to allow collision avoidance if the array path is obstructed.

To summarize, the MDAC approach to collision hazard elimination involves maxi-

mum use of existing Orbiter/RMS equipments combined with crew capability to _

avoid expensive automated avoidance systems. It features: --'i

A. Strict adherence to RMS operations protocol.

B. Use of existing RMS automation to reduce probability of operator

error.

C. Redundant crew monitoring by independent means of all critical RMSIPEP

operations.

D. A positive means of verifying safety of the PEP array/operating posi-

tion independent of (and redundant to) RMS instrumentation.

E. Use of existing RMS audible alarm to indicate any inadvertent movement

of the RMS from the verified PEP operating position.

F. An array gimbal pointing system that fundamentally fall safe, i.e., no

combination of electromechanical failures (other than primary structure), can

cause a collision.

2.23 EVA OPERATIONS

Objective

Assess the need for EVA to support PEP operations and any EVA restrictions due

to an installed PEP.

Conclusions

No new routine EVA tasks are required in support of PEP; however, EVA may be

utilized to correct PEP failures which would result in a saeety hazard. The

prp installation doe-_ not violate EVA guidelines nor place any undue restric- "

t£oc on existing EVA keepout 3teas.

Two as_ "ts of EVA were considered in the design of the PEP. First, design

criteria were considered _hich were necessary to enable an EVA crewman to

_rform PEP manual tasks such as latching/unlatching deployment/retractlon,
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._Pm

_ maintenance, and visual cueing for the RMS operator. These tasks can be con- :
e

sldered for either planned or unscheduled classes of EVA. Contingency EVA

includes tasks required to effect safe return of crew such as jettison assist.

the second aspect of EVA design criteria considered relates to designing the

PEP to be compatible with EVA tasks which might be carried out for both PEP

and other Orbiter systems or payloads. This criteria precludes damage to PEP

by EVA crews and also ensures unimpaired crew performance and safety during

EVA. Types of EVA compatibility criteria includes avoidance of exposed edges,

l corners and protrusions, incll!sion of handholds and translation devices and

design to withstand crew kickoff loads. A key document for EVA design consid-

erations is, "Shuttle EVA Desc'iption and Design Criteria, JSC-I0615."

[

The PEP design must also consider the EVA reserved areas which ensure a corri-

dor for the EVA crewman to access critical areas in the cargo bay. These stay-

out areas are given in "Space Shuttle System Payload Accommodation,"

JSC-07700, Volume IV. Installation of the PEP in the payload bay must not pre-

. vent crew translation in the reserved envelopes.

Table 2.23-I presents a summary of the EVA tasks and deszgn considerations f_.-

the three classes of EVA. Also noted are the items where a design criteria has

been included in the PEP design. As can be seen from the table, EVA design

provisions have been included for all EVA tasks and considerations except

! planned EVA on the PEP. No normal planned PEP EVA tasks are planned due to the
ease with which automatic providtons could be provided and because the rela-

tively long EVA time, about 12 hours of EVA-related time, would be required

for each mission for manual deployment/retrieval of the PEP. Due to the rela-

tively large number of planned missions (80), the accumulated crew EVA time

would "e large, thereby meriting an automated approach.

Design criteria are incorporated _.oallow ta_scheduled and contingency PEP

operations by EVA. Also included are design criteria for non-PEP tasks. Crite-

ria is included for EVA compatibility for all EVA classes.

EVA envelope considerations were addressed by comparing PEP stowed volumes

with EVA-reserved enve]opes. The results are shown in Figure 2.23-I in the

form of two view overlays. No EVA reserve envelope intrusion occurs for

airlock inside and MMU requirements. The PRCA cross beam intrudes into the EVA
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+_I
Table 2.23-1. EVA Design Considerations for PEP

1
t

PEP EVA Incorporation of EVA

EVA class task task/conslderation design crlceria _+_
;

Planned X Latchiun1arch None -.

X Deployl retract )tone

X Maintenance )_ne

EVA compatlbll Ity Yes

EVA envelope intrusion [

: Unsched uXed X Latch/uelatoh Yes ;J

X Deploy/retract Yes i
i

X Visual cue Yes I:

X Halntenancelrepalr Yes (llmited) i_
I

EVA compatibility Yes

EVA envelope intrusion

Contingency X Jettison assist Yes

EVA compatibility Yes

EVA envelope intrusion Yes

X o .576 627 (TYPICAL) Xo 5_ 727

- iXo++=sLI Y°° o
A.A,_oc_ - --__'T"c::'-7-" B. AIRLOCK

INSIDE ABOVE -

FORWARD _. TUNNEL I _l_._f._m ,_,_--..
CABIN Xo set s ._ - ADAPTER i ,,_._ iT,_r.-,@j_( / .,,..,.,.

(TYPICAL) ' 7.0 44_ I_ _'/_Jl_t'- ""----'L'_ Z o 400

"1

XoS,,., ,.3 _ ._, __,:,,o,

CABIN :_Igo ,
I I -F/_;_I't--" _ z+_ / t.. -ffi_-- - ---_ ,o. [:vA,_,

/ I r-- _t_., [:NOOF BAY

SCALEI_I0

F_ure 2.23-I. PEPStowedVolu_[: andEVA ReservedEn_lo_
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!
1 envelope for the airlock above tunnel adapter, Figure 2.23-I. This is a slight

intrusion and in a somewhat hidden area which should not affect crew EVA along

the top of the tunnel. The ADA does obstruct the path across the tunnel when

not deployed. Two options are possible to obviate this requirement. The first

option is to deploy the ADA from the bay to allow crew ".ranslationto the

3pacelab. The second option is to provide a translation route and aids over

the top of the ADA. Either of these options appears feasible since this route

is required only for bay doors open conditions _erein the Spacelab scientific

airlock deploys or may deploy experiments outside the dynamic envelope, or

deploys other experiments requiring EVA.

Airlock outside requirerJents,Figure 2.23-IC, results in the PRCA cross-beam

intruding into the E_.'AeLvelope. A route 44 inches wide (112 ore)exists

betw¢+ the cross-beam and the airlock. This is four inches (I0.I an) less

than the 48-inch (122 _m) reserved envelope, but it is larger than the 40-inch

(102 am) hatch openings. A 40-inch (102 cm) minimum corridor for straight llne

translation is given in JSC-I0515. Therefore, it appears feasible for the EVA

crew to translate between the PRCA cross-t_am ar.dthe airlock.

A second option for airlock outside configuration is to shift the EVA route in

the -Y coordinate direction so the EVA crewmen pass the side of the airlock

and between the sill area. This i_ a slightly more devious route, but the full

48 inches (122 cm) would be available for crew translation.

The ADA intr'_-_oninto the EVA reserved volume is slight and this intrusion is

overridden by the PRCA considerations.

Conclusions to the study to compare PEP stowed volume intrusions into EVA

envelopes are two-fold, (I) EVA envelopes are restricted by PEP equipment but +

general EVA guidelines are not violated, and (2) alternate routes are avails- +

ble for configurations where serious intrusions exist.
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1.0 INTRODUCTION P

This report contains details of the proposed cable

handling system designed tO transmit power from_he Power Extension Package (PEP) to th: Orbiter

by way of the Shuttle Remote Mahipulator System

(SRMS). The design has been based upon earlier

design concept studies outlined in SPAR-R.928
(Power Extension Package Power Bus Study). Some

changes to the basic design concept were found

necessary during the design process, and areillustrated in the followin9 report.

I

I
!
I 175

1979025068-179



t

. [,
GJ

• ,.AR -,
SPAR-R. 940 -_

ISSUE A
ub

2,0 REQU IREMENTS !

TheDOuglasfOllowing.requirements were given by McDonnell .'_{.If!
(a: PEP power bus will be six pairs of #6

7.
Superflex cable. {

(b) RMS with power bus attached wi_l be capable

of performing other "Manipul_tor" tasks when

not employed in conjunction with the PEP.

(c) Reduction of R[.,_capabili v due to attachment

of the power bus will be minimized.

(d) RMS with attached power bus must be

compatible with all configurati( _s of

Spacelab modules _nd pallets. Other
intrusions into the payload volume may be
considered.

(e) A Spar Standard End Effector will be used to

attach the PEP to the RMS and the Special

PL'rFose End Effector wiring will be uhi]i._ed

to transmit PEP signals and gimbal power.

(f) The RMS power bus will terminate at the

voltage regulators mounted on the PEP

equipment beam. This is at (approximately)
Orbiter stations:

X = 665

Y = * 70

Z = +420
r

(g) An emergency SRMS/Orbiter disconnect will be

-- provided.

-- (h) Design will consider (a) means of crossing

RMS/PEP i•-terface (b) ways to cross all RMS [

3oints (c) cable retention at RMS/Orbzter
interface.
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" 7- . In addition, the following assumptions have

_ been made.

;- (i) The tb:e between the deployment and retrieval
! of the PEP will be of the order of a few '

" orbits. Each orbit is assumed to take

_. approximately 90 minutes. _

- Consideration has been given to tne ca&e

where the PEP is required to be active for a "

time considerably greater than that above_
a_

(j) T -=remote manipulator when deployed will |

ha.e the power "off" and brakes *on'. The i
--_ temperat'_re contrcl system will norma!ly be

" "off _. This is to eliminate any power drain.
The temperature measuzement which requires

the 3&C panel to be switched on wi!lbemperature system ii

- carried out at preaetermined interv_'-'s of
time.

m_ The _ control will be
switched to automatic unoer the fol],_wing

zcnditions (determined by operational

" .<rofiles) :

.. i) Low arm temperature could produce

daI:,age

ii) Prior to activation of the arm

Tne power bus design is such that min._mum I _(k)
modiflcations to the present Remote _

- Manipulator System baseline de: ign are
requlr_d.

ll) The intention of the design of the power bus }

"_ is tO mlnlmize its mas_ thereby ensuring thatthe i_duced loads on the arms are also _

mzni,qnlzed. The effect of the increased *'
• _ Inertia of the arm due to the addzLlonal :

cable hari:ess has oeen conszder_.1. " _

I".i
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(m} The power loss along the ,i_.werbus must be
minimized to maximize the power available to
the orbiter from the PEP.

(_t} The operation of the remote manipulator wrist
roll 3oint is to be considered as a back-up
for a failure of the PEP array gimbals.

178

°

1979025068-182



SPAR-R.940

l ISSUE A

l 3.0 STATEMENT OF COMPLIANCE OR DEVIATIONS

3.1 Reference 2.0 (a). Complies to requirements. See

I also Section 7.2
3.2 Refer.',ce 2.0 (b) and (c). Reduction3 to SRMS

capaLtlity due to attachment of PEP powur bus is

l as fol'ows:

3.2.1 Wrlst Roll - restricted to 4180" rotational

travel, possibility of full +447 ° provided manuald,sconnect at wrist electrical comp/wrist roll
joint is acceptable (requires EVA).

indicate that the major restrictionlayouts

preventing further rotational travel of the wrist

roll ]oint is the location of the connector box
I
, situated on the upper surface of the electronics

4 housing. However, future development models may
prove an increase in the +180 ° rotational travel

possible
al

At the present stage, no other joint _L_icul,ltion

] restrlctions are indicated.

i3.3 _-'=or. -...._ cn_ 2.0 (o_.
?

l 31311 Shoulder joint. :,,Idlcional envelope required to _,,

accommodate PEP Power Bus, reference layout
31221L2.

3 3 2 Wrist pitch/yaw joint - additional er'¢elope I'

required to accommodate PEP Power Bus_ refeL-ence _
layout 31221L3. Another design ,_'cnflguro_ion

be!ng consldert,. _.would requlre additlonal envelope _

on the payload slde of the wrlst pitch jolnt. __
This is illustrated on i@yout 31221L4. _

I i3.3.3 Wrist Roll Jolnt - stowed condition of arm

requlres addlt,onal envelope. See layout 31221LI.

Operational envelo_e to accommodat_ +180 ° rotation _"

l of cable. I-i
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3.3.4 All other increased envelope requirements are ._
illustrated on layout 3122154 and 31221L5.

3.4 Reference 2.0 (e).

See Section 6.1 {PEP Gimble Power}.

3.5 Reference 2.0 (f}. (For information only}.

3.6 Reference 2.0 (g).

The arrangement shown on layout 31221L2
illustrates a three connector interface between

the S_S and the orbiter. This arrangement

considered emergency disconnect to be provided in
a similar manner to the existing _R_S system (i.e. '
pyrotechnic guillotine). In future design work,

cons:deration will be given to provide emergency
release using in-flight electrically r_leased

cornects _3 per very recent discussions with

McDonnell Douglas.

3.7 Reference 2.0 (h). Complles. See layouts.

3.8 Reference 2.0 (_). (Used for Analysis),

3.9 Reference 2.0 (j). Complies.

3.10 Reference 2.0 (k). Comp]ies. Reference design

layouts 31221LI through b.

3.11 Reference 2.0 (I), Complies. Reference Sections
8.0 and 9.0.

3.12 Reference 2.0 (m). Complies. RefereDce

Z_ectrical Analys!s. Section 6.2.

3.13 Reference 2.0 (n). Complies. Refer to 4.7.

[
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I 4.0 PROPOSED CABLE HARNESS DESIGN CONFIGURATIONS

4.1 General Arrangement SI_S/PEP Power Bus

I Design layout 31221L4 illustrates the basic
proposed cable configuration throughout the total

length of the SRMS. This has been used as a basis

I for all electrical and thermal analysis specifiedin this proposal.

I Wherever practical, the powerbus has been routedon the payload side eL the SRMS to provide -.ccess
during installation and removal. All :dole clamps

_ and fittings will be configured to facilitate this

I of cabies under existing
reguirpment. Routing

SRMS equipment which would prove inconvenient

during installation or removal has been avoided.

4.2 Shoulder Yaw Joint Cable Harness

The shoulder yaw joint caOle harness configurJtion

is illustrated on the design proposal layout
" number 311221L2. Cable handling to accommtdate

. the +180 ° rotational travel of the shoulder yaw
]oint has been based upon the existing methods i

• used for the SRMS shoulder joint cable system. |
From the orbiter/SRMS interface situated at the

2 connector oox forward end, the cables are routed

across and clamped to t_e connector box cover in a
flat configuration to a polnt where they are split
into two discrete bundles. Each bundle of six

(:-_les is looped in a similar manner to the

exlstlng cable harness and is routed approximately

parallel to it.

. Each Dandle is securely clamped at the pitch/yaw
interface flange by a split clamp fittln 9. The

-- split "_amp fitting clamps aga?nst a bushing into
which _II the cables have been petted. The

insulation on _ach cable is etched for a length

necessary to ensure adequate keying in the pottln_

compound. The six cables are controlled to

maintain a bundle configuration by a beta cloth
sleeving.
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4.3 Shoulder Pitch Joint Cable Harness

From the joint yaw/pitch interface flange, both

bundles run parallel to the existing SRMS wiring

harness over the pitch joint and are clamped to
the connector bracket. The cable bundles are then

configured as shown on layout 31221L4. Again,

beta cloth sleeving will be used to maintain cable
configuration for the pitch )oint section of the
harness.

4.4 Elbow Joint Cable Harness

The elbow joint cable harness has been based upon
the present SRMS Cable Handling design principles,
but located on tt__ opposite side of the arm. This
will minimize EMC interference with the existing
SRMS signal wires. Wherever possible, the wire
arrangement will be such to maximize heat
dissipation. This cable system is illustrated on
design layout 31221L4.

4.5 Wrist Pitch Joint Cable Harness

The wrist pitch joint cable harness general

arrangement is ,llustrated on design layout
31221L3. The cables are arranged along the wrist
electronic housing in an open confiquration, and

are clamped in the area between the wrist pitch

3olnt forward flange and joint rotational axis on

the outboar_ side. (An alternative arrangement to
mount th • c_ie harness on the inboard side is in

proc__ss. This will eliminate tight envelope
problems and facilitate installation and removal

of power bus with SRMS installed in the orbiter).
At the clamp exit, a cable transition c_nverts the

acrangements to a double radial layer, six cables
wide, to accommodate joint articulation. A

fibreglass guide, mounted to the joint, controls

the required cable harness configuration ensuring
clearance on other equipment during joint
rotational travel. At the aft end of the wrist

pitch 3oint, the harness is formed into an "S"

_ a_rangement which is maintazned by a guide and
i clamps. This configuratlon provides sufficient

cable length to accommodate full joint rotational

182
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- travel. The =stepped = cable arrangement on the

upper bend is necessary to provide clearance at
T-

maximum wrist yaw.
m

4.6 Wrist Yaw Joint Cable Harness
°.

The wrist yaw joint cable harness general

• arrangement is shown on design layout 31221L3.

. From the wrist pitch jolnt aft cable clamp, the

, cables are routed under the ann to the wrist yaw

. joint, and are clamped forward of the yaw joint
rotational axis. The cable harness arrangement is

identical to the wrist pitch joint configuration,

but terminates at the bushing provided for the

wrist roll cable harness system (Reference Section
4.7).

4.7 Wrist Roll Joint Cable Harness

Due to the nature and size of the power bus, it e
was found necessary to restrict the rotatzonal [travel of the wrist roll joint to _180" (Refer to
3.2.1) (from the stowed position). Any
substantial increase in rotational travel

requirements would necessitate _aajor redesign of.

. the arm in this area, and would require

considerable increase in static and dynamic
envelope constraints.

• The rotational restriction resultE_ in many Z

advantages in other aspects of the design. These Z
are as follows:

i) Minimal cable length reduces inefficiencies
and weight, o

" ii) Proposed configuration enables power cables

. to be clear of Electronics Compartment,
thereby eliminating potential thermal •

_- problems.
?

iii) Exposure of Existing Electronic Compartment

radiation areas are maintained, again

eliminating thermal problems.

T 183
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iv) EnPbJes power cables to be separated from
ex_ .,ing SRMS cabling, thus reduc._ng J
electrical EMC problems.

R
v) Minimal impact on existing the_al blankets.

mB

vi) Minimal impact on ICD envelope r_strictions
in critical areas (i.e. radiator, bay door
and payload area). Note - envelope increase --
is required as shown on layout.

vii) Enables previously proven and accepted cable t'
handling systems concept tO be employed I

(i.e., the proposed wrist roll cable system l

configuration is basically identical to that I
of the present SRMS shoulder yaw joint. This

sy._;tem has been subjected to both therma._
vacuum and vibration testing, and has been
accepted at the Critical Design Audits and

Reviews (CDR and CDA's) attended by JSC,
NRCC, Rockwell and Spar personnel).

The general configuration of the wrist roll cable

harness is illustrated on layout no, 31221LI. The

harness comprises a looped cable captured in two
locations. At these locations, the insulation of

each cable is etched and potted in a strain relief

bush which in turn is clamped to fittings attached
to the joint flanges. The cables are allowed

relative freedom of movement during joint

rotation, but are controlled from total freedom by

a helical spring housino. Direct contact between
-- the cables and spring housing is prevented by a

loose beta cloth sleeve.
T

A similar sleeve covers the helical spring to !
provide a smoother outer surface Control of the

complete harness assembly during vehicle launch ..
and re-entry is provided by a hood assembly
attached to the forward cabJe fitting. During

operation, the cable harness a_ ._mbly rolls into,
or "out of" the hood assembly depending upon its

, position and direction of rotation. .o

I

Not illustrated on the design layout is the -
provision to restrict the joint rotational travel

to +180 ° when the power bus system is installed. +

184
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i It is expected that this will be controlled by' limit switches which would include back-up; but
i not to incorporate a mechanical limit stop

i system.f

!
L .

A variation on the proposed design has been
l considered which wou_d provide a manual cable

' i disconnect at the aft end of the electronic

• compartment. This would be used if SRMS operation
is required without the PEP System, bu- would

( require extravehicular activity (EVA). The fu!l
I rotational travel of +447 ° would be available with

this arrangement. Further evaluation of this

; proposal would be necessary if this becomes a
1 desirable feature.

4.8 Er_d Effectgr Cable Harness

The End Effector portion of the power bus h_s been
rou_d on the inboard side and clamped to the end
effector as shush on layout 31221L4. From the

: wrist roll cable system beneath the SRMS, the
cables are routed around the wrist roll joint to a
position which enables a flat configuration to be
util_zed. The power bus then terminates at the
connector assembly (shown on layout 31221L5).
Additional envelope will be required in these

, areas and is shown on design layouts 31221L4 and
31221L5.

T 4.9 Arm Boom Cable Harness

Cable routing across the arm booms has been
configured ._na flat, low profile arrangement
wherever possible. This arrangement has been
selected to maximize neat dissipation and to
maintain a low profile to minimize envelope

:- violations. Cable clam_ arrangemer, ts are _
illustrated on layout 31221L4. it has ,_:e._

" assumed that cable clamp mu_i,ting to the boolcs
w111 be similar to existing SRMS cable cl,lmp
arrangement.

: [

Beta cloth sleeving will be used throughout to
[ protect the cables from external h_at. Reference

Section 5.0.

1
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4.10 Electronic Compartment Cable Harness _-

Cables spanning all electronic compartments have

- been configured to maintain a flat, low profile

arrangement wherever possible. The main

constraints in these areas are radiation panels

running axially across the electronic compartments
which if covered, would create considerable i*

thermal upset of the SRMS electronics. For this !7
reason, these areas have been avoided, il

Beta cloth sleeving will be used throughout to ',
protect the cables from external heat. Reference 1
Section 5.0.

4.11 Orbiter/SRMS Power Bus Interface

The interface connection from the Orbitez cable

system to the power bus attached to the SRMS is

illustrated on layout 311221L2. It comprises
three individ,_al 4 pin connectors mounted to a

bracket which in turn _z mounted directly to the /
forward face of the connector box. The cables

will exit the matin9 cunnector sockets in a loop
configuration to ensure that access to the SRMS
wiring connector fuses is maintained (i.e. the

loop will provide sufficient flexibility to enable
the cables to be displaced sideways, thus
providing clear access to the fuses. From the

loop con:iguration, the cables are "fanned" into a

fiat arrangement across the top of the connector

box cover to pruvld_ a low profile. This i._
necessacy to ensure that no interference exists

between them, and the movi.-g section of the cable

harness. The cables are thermally isolated from

the :'onnector box cover using fibreglass washers
under the cable clamps.

The _-¢!ection of the thL-ee individual connectors

was based u_on the following considerations:

i,_ Availability- selection of a _standard" _"

connector as op_osed to a "special"

arrangement increases _'eiiability and reduces _.

COS t. I !

l
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ii) Handleability - considerably less effort

[i required to connect a 4 pin arrangement thana 12 pin. This improves serviceability.

z- iii) Smaller wire bundles provide greater

[ flexibility for further cable routin_.

Alternative to the above outlined

1 configurations, a two connector arrangement

.. which also provides emergen:v disconnect
within the connector assembly will be

i considered. This arrangement would eliminate 'the necessity to upgrade the present

pyrotechnic guillotine for emergency, i

i }
i 4.12 SRMS/PEP iNTERFACE CONNECTION 1i

4.12.1 Design Considerations {
, )
| The design selected for the SRNS/PEP interface i

connection was based upon the following
- considerations :

i) 5?0 provide automatic power bus connection

after full grapple of the P.E.P. sy_'cem

; thereby eliminating potential alignment and
, subsequent damage problems.

ii) To eliminate "cotzpies" during automatic

'_ ! connection thus preventing Potential
"jamming" problems.

[ . .

_:i) TO provide an alignment system that does not

rely upon a high parallel accuracy, again to
-- prevent "jamming",

I iv) To provide a system that "minimizes thermal
differential affects.

v) To use existing or similar hardware to that
used on the present SP._S system.

i 4.12.2 Design Descripti0n (Connector Half Assembly -
• Driven)

i _he connector design __nfiguration illustrated On_ design layout No. 31221L5 shows a one piece

187
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aluminum nousing machined to accept two inserts. "I

The inserts are machined to suit the configuration '_
of a z_ze 4 connector contact. Each insert

contains _ contacts, suitable for a No. 6 AWG 7
wire. ..'

A master locatioD pin is securely afixed into the -[
housing, and is located on the geometic center of l
the connector half assembly. The primary function ""

of the locater pin is to provide alignment of the
connector halves, but is also used as a slide rail i

on which the connector is guided during mating. !

Secondary a!igr:ment between connector halves is

made by a pin protruding from the outer edge. i

This pin lo,-ates a slot on the mating connector ,!
housing, and avoids the high degree of parallel

accuracy required if tile two straight location pin
methods would be used.

Both location pins ensure full alignment before i
mating of the electrical connector contacts.

Th_ connector half assembly is suspended by the i

master pin, and is supported by two linear bearing
bushes mounted to the f_ame. The distance between

the bearings is sufficient to provide full linear

movement during connector mating. >

Rotation of the connector about the master pin is

prevented by a pin and groove system '-_'-°:,tedc:* _

the outer edge of the housing. Tht5 & was
selected to mil,imize thermal _f_e_, , itfects

and prevent potuntial =3amming".

Actuation (or mating) Ot the connector as_, is

s accomplished by a modified version of _L -,er

D_ace linear actuator mechanism. To pr, _ :,,
"coup]ing" effect, the axial load prods.'<' _y hh,"

iznear actuator is applied directly to the master .. :_
". pin.

4.i2.3 Design Description (Con-ector HeJ.f Assembly - "I
Fixed)

The mating half of the con;:ector is configured to

provide a small amount of flo_t in the plane

o .
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required for alignment during con,lector mating.

The alignment accuracy between the grapple fixture
attached to the PEP package, and the end effector,

I together with locational accuracies of the. connector mounting will determine the alignment
- capacity necessary within the connector assembly.

I For neatness of aesign, it is expected that the

" driven conne_._ ._ ombly will be mounted to the
PEP system: and the _ ting half _c the SRNS End

i Effector. Th_ syste_ would elimirate _.n,_necessity of additlonal wiring to the end
effectcr, ;he connector drive and signals being

i supplied to the PEP system via the existing "SPEE"
, connector. TP,,eother .dvantage of this

configuration J_ th,_" necessary increases in SRMS

dynamic envelopes w111 be minimize_,

The design will provide a male pin connector cn

the End Effector, and female on the PEP system.
! It i_ assumed that the cable shown at the exit

! from the driven connector half assembly, and which
is attached to the PEP, can be configured as

ill,,strated on layout 31221L5. Note cable l_ngth
al Jwance to accommodate the connector lineac

travel.

i

i
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5.0 THERMAL DESIGN CONSIDER,: ION_____SS I
aJ |

5.1 The rnal Analysis __

Detailed thermal math models of the various cable "I'[
confi]urations have been made and analyzed for a "" I
number of cases. This section refers to the }

thermal design and also summarizes some of the [

analyse. ° performed, t_
I,

5.2 The t'mal Des Ign :_

-- 5.2.1 Summa.._

(a) Summary of Design

The PEP cable bundle shall em?loy passive

thermal control to the greates" extent

pr-cticable. A low O( , high _., finish
shall be utilized to reduce the impact sf

solcr energy and allow as cold a cable
harness as possiDle.

• .

_f operatlonal constrains and the missie_l

ofile are such that passive means canno_ be
utilized to ensure adequate cable

temper_tures then the design may _ augmented i
by heaters and thermostats. :t is consiOered
unlikely that such devices will need _o be

• employed. ">

(b) Sum,_ary of Design Requirements

I. To maintain the PEP cab]e at as low a

temperature as possible du_ing powe_
transfer.

2. _ maintain the PEP cable at a

temperature to ensure sufficient

' flexibllity of the cable har,ess during
RMS deployment.

, 190
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5.2.2 ConsiderationsDesign

The thermal design of the PEP RMS mounted
equipment must be such that the cable harness

temperature is maintained as low as possible under
the worst environmental conditions and maximum

power dissipation in the cable harness, in order
to reduce the power losses and maintain the cable

within its design temperature range. The thermal
"_ design must also ensure the cable harness does not

become so cold that either the design range of the
cables are exceeded or that the cable is so cold

that the stiffness of the cable bundle is so high

that the bundle flexibility prevents proper
operation of the RMS jolnts.

5.2.3 Conf i_ ura tion

The configuration considered consists of the 12

cables #6AWG attached to the RMS via penetrations .
in the thermal blanket. Thus the cables are

supported outside the RMS blankets and are exposed
d,rectly to the space environment.

The cables are spread as much as possible into a
12 x 1 arrangement, however, near the shoulder and

wrist pitch and yaw joints a 2 x 6 arrangement is
required, at the roll joint a 3 x 4 cable bundle

is required. See Figure 5.1-1o

5.2.4 Design Cases

The following mission profile must be accommodated

by the thermal design. The critical design driver
cases are identified. See Figure 5.2-1 and
5.2-2.

(a) Pre Launch •

' During pre launch the cargo bay is purged by

conditioi_ed dry gas and thus presents no

: problem thermally. _,

191
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__ 5.z -I

DEMONSTRATES POSSIBLE USE OF THERMAL CONDITIONING PRIOR TO
RMS DEPLOYMENT.
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DEMONST_TES POSSIBLE USE OF HEATERS TO MAINTAIN THE CABLE

TEMPERATURES PRIOR TO AND DURING RMS DEPLOYMENT.
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(b) Launch

. During launch the cargo bay air expands and

its temperature falls as the pressure falls.

- However, due to the large thermal inertia of
the cable harness this is not considered a

significant design case.

(c) On Orbit Cargo Bay Open - Stowed

After orbit acquisition, the cargo bay doors

are opened and the RMS and PEP cables are
exposed to the space environment. The

temperature of the PEP cables depends on the

orbit and attitude acquired, the view factors

to space, to the orbiter and to the payload

in the cargo bay.

The thermal design shall be such that by

selection of a low _ and high __, finish
on the cable harness, the hot case attitude

and orbit (top sun, side earth _ = 90 ° ) shall

be accommodated by passive means.

The cold case orbit and attitude (bottom sun

tail earth_ = 90 ° ) will result in low

temperatures in the cable harness. If such

low temperatures would result in an
unacceptably stiff cable bundle then heater

provisions would be made to prevent such low

temperatures, if the thermal inertia of the
cable bundle was inadequate. An alternative

means of increasing the cable bundle

temperature is to thermal condition before

RMS deployment by a barbeque mode or m?ve to
a hotter attitude.

(d) On Orbit- RMS Deployed
]

When the RMS is deployed, the cable must be

- warm enough to flex adequately. If, prior to P

! deployment, the means of achieving suitable 1
temperatures is passive then the inertia of _•

the cable bundle and attitude of the RMS

I

:
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shall be such that the cable maintains its ]

flexibility until the power transfer phase. '

This may be achieved by heating of the cable

above its minimum temperature prior to [
deployment and allowing it to cool down

during this period. See Figure 5.2.1.

If active thermal control was employed, then =,
heaters would maintain suitable temperatures

in the cable bundle. Se_ Figure 5.2.2.

(e) Power Transfer

After the PDP has been _ctivated, the power
transfer via the cable harness is 32kW at

120V.

During this phase, the cables will obviousiy

warm up due to their power dissipation, the

operating time and thermal inertia of the
cables is such that the steady state

temperatures of the cables must be designed
for.

In order to lower the temperature of the

cables as much as possible a high emittance
surface finish is proposed to the cable
bundles, and to reduce the effect of incident

solar finish a low absorbtivity surface is
proposed.

Such a space qualified material, which also

provides a suitable flexible finish to the
cable bundle, Is beta cloth. _ = 0._"2

_, = 0.9

Initial calculations indicate cable

temperatures as shown in Figures 5.2-3 to

5.2-8. Figures 5.2-3 to 5.2-5 show the

variation of steady state temperature with

cable current. Figures 5.2-6 to 5.2-8 show
the transient response of the cables to both i
switch on and cool down conditions. From

these curves, the temperature response to
power profile can be estimated.
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From these figures, it can be seen that the

, effect of cable bundling significantly

i increases the inner cable temperatures and is
therefore avoided _s much as possible in the
cable harness design.

! (f) Stowage of RMS and PEP

During this phase the PEP cable harness

( transfers no power and merely cools down as

the RMS is deployed to stow the PEP and the
RMS itself is stowed. This is not considered

i a design critical phasei °

(g) Stowed RMS as Phase (c).

(h) Re-Entry

. During re-er y, the PEP cables w111 be

: exposed to a hot or cold car_o bay, however, _J

the inertia of the cables shuuld prevent

excessive temperature excursions during this
transient period dnd therefore this phase is

not anticipated to be design critical.

(.5.3 Conclusion

It has _,e_n shown that the tempecatures of _
enclosed cables ,inder full sun conditions

"" potentially can De high. In detailed design _it
• considerations, this will need to be carefully

considered so as to ensur o_ thes_ conditions will _
-- be _ccommodated.

" It has also been shown that the temperature ':

gradients through the single cable bundle are
rather high. This is party due to the :
simplification," i_ the analysis, i.e. no account "_"

'+•

of the stainless steel sp_ing at the roll 3oint

l was included. :_(
A more detailed analysis _ill be made at a later

l date.
a
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6.0 ELEC*fRICAL DESIGN CONSIDERATIONS

The _lectrical deta'_Is with respect to the PEP
Gimbal Power, used for the Attitude and

Orientation, will be d_.scussed below in Section
6.1. .¢'"

The main electrical factors of the actual Solar

Array Power Transmission of the PEP, along the

SRMS, will then be e_plaine3 in Section 6.2, while

a brief discussion relating to a possible slip

ring concept is given in Section 6.3.

6.1 PEP Gimbal Power

The solar array assembly, carried by the SRMS,

requires electrical power for the deployment and
orientation.

The wiring available between the receptacle J!01
-_ of the SRMS, which is connected to the main

28Vd.c. orbiter power, and the receptacle J411 at

the End Effector will be used. From Figur: 6-1 we
not, that there are seven No. 22 A.W.G. leads in

parallel along the SRMS, while the End Effector

carries two No. 20 A.W.G. in parallel.

Since the seven leads are fused with 5A each, the

total available current to the PEP Gimbal Power

cannot exceed 5 x 7 = 35A. The orbiter voltage at
Jl01 will be 28+4V. The lead resistance, forward

and return, of the coaplete wiring, as shown in

Figure 6-1, at the highest predicted temperature
of 70°C will then be-

#22 A.W.G.: 1 0.01614 [i + 0.00397 (70-20)]
7

! = 0.00276 ohms/foot
h

#20 A.W.G.: 1 0.01015 [l + 0.00397 (70-20)]
2

= 0.00608 ohms/foot

204
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The total resistance at 70°C for 62.5 feet within

the SRMS, and 2 feet within the End Effector will
-_ be:

" 0.00276 (62.5+62.5) + 0.00608 (2+2) -0.369 ohms

The continous maximum available current is

. 2 x 5.63 = II.3A limited by the two #20 gauge

wires in parallel.
L

Therefore we have:

24 - 11.3 x 0.369 = 19.8V minimum

- 28 - 11.3 x 0.369 = 23.8V nominal

3__ - 11.3 x 0.36q = 27.8V maximum

" i
Any electrical equipment then, related to the
Gimbal Power and its Attitude and Orientation must

be designed to operate within the above stated

" voltage limits. Furthermore, the "in-rush"
current drain must not exceed 35A at any voltage..

From this it follows that the available power
cannot be expected to exceed

- 19.8 x 11.3 = 224 W

" under worst case conditions; hence the continuous

Gimbal Power, etc. must stay within that budget.

- The loss within the SRMS and End Effector wiring,

again at worst case conditions, will be:

2
11.3 x 0.369 = 47 W

. 6.2 PEP Solar Array Power Transmission

{

" The Solar Array Assembly, to be carried by the
, SRMS, is rated at 32 kW at 120V. The transmission

of its electrical power will be effected by means
of six parallel leads, each having 207 strands of

No. 29 A.W.C., the _fore equivalent to No. 6

T A.W.G.
I
.4

]
2O5

,f

1979025068-209



1979025068-210



,!

SPAR-R. 940

ISSUE A

6-2 illustrates the electrical
Figure concept,

also identifying the receptacles at the orbiter
end of the SRMS. w

The worst case predicted temperatures of this

power transmission wiring are higher, since it is

placed outside the thermal blanket of the SRMS.For the first 8 feet in the shoulder and the last

i0 feet in the wrist 98°C and for the remaining 47

feet 95°C temperature is predicted.

] (Configurations #I and #2 respectively).

The resistances then {

. Shoulder Ix 0.0003951 [I + 0.00397 (93-20)] I_
and 6 i-- Wrist : = 0.00008624 ohms/foot

" Rest of

SRMS: Ix 0.0003951 [i + 0.00397 (95-20)]

• = 0.00008545 ohms/foot

" from which we can calculate the total power
transmission resistance to be !_

. 0.00008624 (8+8+I0+I0) + 0.00008545 147+47) =
0.01114 ohms

e

Returning now to the solar array itself. This is

" rated at 32kW and 120V, which relates to a current :
. of

32000 = 267A ;"_4" ,_'

The available voltage and power at the orbiter is ,{ _

then

120 - 267 x 0.01114 = II7V )

|
and

_m

207

Q

i gllL. --
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117 x 267 = 31.2 KW

_I respectively.

The power loss within the PEP Power Transmission

wiring will then be "

2672 ,)x 0.01114 = 794 W

The losses in the connectors will have to be added

to this. Voltage drop is listed at 38mV at IIOA
test current which is assumed to reduce to

30mV at 267 A = 44.5A/contact
6

The power loss at the three connectors with a
total of twelve size 4 contacts at the orbiter end

will be

0.030 x 44.5 x 12 = 16W

The total power loss of the PEP Transmission, not ;

considering the actual solar array connections,
would be

?

794 + 16 = 810W

or

810 = 2.6%

31200

6.3 EMC Considerations

The PEP power bus will be L-outed as far as

practical from the Manipulator Arm (MA) cable
harness and from the electronics units mountedb

within the arm. In order- to minimize magnetic

_ fields coupling the 12 power bus lines will be

lazd out in pairs, each consisting of a positive

line and a return line. Twisting of wire pairs

will not be employed as wire size (AWG #6)
prohlbits it.

d.- *''_ ¢ o'B •
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The Elbow and Wrist-Y/P flexible sections of the
PEP harness will be routed opposite to the arm
harness wh-le the Wrist-Roll harness will be

routed external to the joint. Cable separation in
the Shoulder-Y/P flexible section cannot be i

• achieved due to mechanical constraints. At this ,
section, the harnessess will be laid out side by I
side. Magnetic field coupling from the PEP I

harness to the MA harness at the shoulder, has i
been analyzed based on the following preliminary
data received from McDonnel Douglas:

(a) PEP bus current ripple - total amplitude of 5 i
Amps peak to peak

(b) Low frequency (,_ 70 Hz) ripple- 4 amps peak
to peak 'i

(c) High frequency (,_ 20 KHz) ripple - I amp
peak to peak

It was concluded that the coupled noise will not

affect the MA operation.

4

i
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7.0 MATERIALS

7.1 General Materials

Materials selection for the SRMS/PEP program shall

be based essentially on che same requirements and
guidelines as are currently being uspd for SRMS.

Materials shall be selected by considering _he

operational requirements of a given application _

and the design engineering pzoperties of a given
material. Candidate materials shall be evaluated
in accordance with SPAR-SG.368 "Materials and

Processes Requirements for SRMS" and shall be

selected from a list of rated material in
SPAR-SG.369 "Materials and Processes Selection
List for SRMS". SPAR-SG.369 contains lists of

materials which have been assigned ratings by test

or analysis in the anticipated service
environments. The ratings which are based on NASA
JSC 09604 "Materials Selection List" cover the

following hazardous environments:

corrosion }stress corrosion cracking Metals

gaseous oxygen }

fl ammabil ity •

thermal vacuum stability •
age Iife Non-Metals

low pressure gaseous oxygen
!

In addition, the materials used shall be

compatible with the interfacing hardware of the

SRMS and shall not jeopardize the functioning of
other components.

7.2 Power Cable Materials

The available data related to the power cable
materials at this time is insufficient to assess

whether or not they are qualified for space
applications. It has been assumed that the cables

will be available as fully qualified items.
i

211
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8.0 STRUCTURAL DYNAMICS CONSIDERATIONS
I

8.1 Dynamic Envelope ..

The increased weight of the stowed arm structure

| would result in increased sway of the arm under

dynamic load conditions. The total weight of the
cable system equals 103 Ibs. The increase in &

dynamic sway (at the arm C/L) is estimated to be W

0.060 = . The static envelope available for the

stowed arm is expected to reduce by 0.060 = on
radius (i.e.C.120 = on diameter) at the arm

centre/line. The decrease in static envelope in
other areas is estimated to be about 13% (i.e.

specific envelope allowances for cameras, etc).

The above increase in dynamic envelope

requirements will necessitate close examination in
all areas to ascertain if there are interference

?roblems. Critical areas are primarily the cargo
bay door radiators.

8.2 Cable Attachment

The cable attachment chips will be designed for

25g load on the cable for vibration environment.

The areas along the boom where the cable harness

bundle is split into two portions, this load

condition would imply 24 ibs. load at each clip if
they are 12 inches apart. The local loads in

other areas would depend upon the cable
configuration, location of attachments, etc. The

design of cable clamps will be such that the local

resonant frequencies are above I00 Hz to prevent
interaction with arm dynamics.

8.3 Structural Loads

Addition of 103 Ibs. of cable to the structure

will also increase the loads in the primary
structural elements of the arm. The increase in

loads due to quasi-statlc conditions is estimated

to be 13% while the random loads are expected to

increase by 5%. "'

212
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8.4 Stress Considerations

The cable clamps and attachment bolts will be
analyzed to the loads specified and will be

, designed to exceed the first resonant frequency
minimum requirement. Intermediate straps will be

required along the arm booms at a suitable pitch I
based on support strength and envelope

I

requirements. The margins of safety will be
calculated as follows:

M.S. (Yield) = Material Yield Stress (Ft_) -i.0
Max. Working Stress x !.0

M.S. (Ultimate)= Material Ultimate Stress

(Ftu) or Cripplin 9 Stress -i.0
Max. Working Stress x 1.4

Fracture mechanics analysis of known critical
components will be performed for the new load

spectra which will include the total number of i,
SRMS/PEP missions and modifications or structural • _

stiffening will be added if possible to maintain i:
i00 safe mission life capability. Where there is _

impractical, a waiver will be sought on total life !
requirement.
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9.0 MASS PROPERTIES --

_o

9.1 PEP Power Bus on SRMS ~

The weight of the PEP Power Bus that interfaces ' :

with the orbiter at the SRMS shoulder joint and _ -: _
with the solar array system at the end effector

_ . !total 108 Ib as follows: -

• °

12, #6 cables approximately 70 ft. long (93 lb.)

3 connectors (4 cables/connector) at the shouldt ._

joint interface (3 lb.)

1 special connector (12 cables) at the end
effector interface (3 lb.)

Cable provisions to support the cables at each

joint and along the length of the arm per layouts
31221LI through 3 (9 lb.)

9.2 SRMS/PEP Interface Connector Assembly (Driven)

A special connector (12 cable) at the end effector

interface and mounted to the PEP system is
estimated to weigh 3 lb. with additional weight
for the lower actuator of 2 lb. for a total of 5
lb.

9.3 Grapple Fixture and Connectors

The weight of a grapple fixture that interfaces

with the end effector based on an existing design
is i0 lb.

9.4 Orbiter/SRMS Interface Connector (Ref. Only)

The weight of 3 mating connectors (4

cables/connector) at the orbiter interface (SRMS

shoulder joint, required for the PEP Power Bus, is "
estimated to be 3 lb. This is not included as

part of the PEP System Package, and should be used

as reference only.

214
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-- IO.0 DEVELOPMENT AND TEST PROGRAM _

< The proposal presented in the preceding sections ;
is based upon desion layout studies only. To

verify the feasibility of a design of this nature, ;
- an extensive development program will be necessary _

whereby representative cable configurations and

_[ materials will be used. Fully working joint

_ mockups will be required to determzne cable system _,

handleability.

: Until such a program has been undertaken, it can

" only be assumed that the proposed methods of cable
handling will satisfy the requirements.

q.-

_. Further to the development program outlined above,
a comprehensive environmental test program will be

- required. Thermal vacuum (including operationa_

' cycling on simulated SRMS joints) and vibrati, n

" testing of critical areas will be necessary to :.

r reduce system failure risk.

- Fully detailed thermal and structural dynamic

analyses will be conducted to establish test ;*

[ parameters. _

a

_°
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It.0 DESIGN PROPOSAL LAYOUTS I
.!

Design Layout # Title

I31221LI SRMS/PEP Cable Handling System _

Proposal - Wrist Koll Joint

31221L2 3RMS/PEP Cable Handling System

Proposal - Shoulder Joint
!

31221L3 SRMS/PEP Cable Handling System '_-

Proposal - _rist Pitch and Yaw ,"_--,
Joint

31221L4 SRMS/PEP Cable Handling System _,

Proposal-General System _'

31221L5 SRMS/PEP Cable Handling System

Proposal - SRMS/PEP Interface

Connector Assembly

.. 216
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PRELIMINARYSPECIFICATION I !
:'_PGIMBALASSEMBLY,

.\

SOLARARMY DRIVE, _
I TWO-AXIS {'"
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mb
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-- McDonnellDouglasAstronauticsCc._pany New

HuntingtonBeach,California June 15, 1979
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l.O SCOPE

Thisspecificationdefinesthe requirementsfor an electro_chanical,t_o-

axisgimbalassemblyconsistingof twodirectcurrentactuators,supports,

bearings,electricalconnectors and slipringassemblyor equivalentto --

transferelectricalpowerand signalsacrossthe continuouslyrotating _

Interface.

I.I IntendedUse

The gimbalassemblyis to be usedas partof the PowerExtensionPackage{PEP)

to poin_a largesolararrayat the sun durlr,g Orbiteroperatlo_s.

2.0 APPLICABLE006UMENTS
i

2.1 Genera!

The followingdocuments,of the exact issueshown,or if no issueis specified,

the issuein effectat the dateof invitationto bld,forma partof this

drawingto the extentspecifiedherein. In the eventof conflictbetween

documentsreferencedhereand otherdetailcontentsof Sectio',is3, 4 and S,

the detailrequirementsof Section3, 4 and 5 shallbe consideredthe

supersedingrequirements.
t

Specifications

Federal

qQ-S-571 Solder,tin alloy,tin-leadalloyand leadalloy

MIIitary

MIL-A-8525 Anodiccoatings,for al_inum and aluminumalloys

141L-B-S087 Bonding,electricaland lightningprotectionfor

Aeros._aceSystem.

t,IIL-B-7883 Brazingof steels,copper,copperalloys,nickel

alloys,aluminumand aluminumalloys.

;!_L-C-5541 Chemicalconversioncoatingson aluminumand dlumlnum

al1oys)

)IIL-C-6021 Casting,classificationand inspectionof

I.ilL-C-27500 Cable,electrical,shieldedand unshlelded,aerospace

MIL-t4-860gB I.btors,directcurrent,28 voltsystemaircraft

MIL-S-5002 Surfacetreatmentsand metallicgatlngsfor metal

surfaces

218
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I
;.IIL-T-1523 Treatment,moistureand fungusresistant,of communi-

cations,electronic,and associateaelectrical

equipment
I_IL-W-6858C Welding, resistance,aluminum,magnesiurn,non-

hardeningsteelsor alloys,nickelalloys,i_eat-

" resistingalloys,titaniumalloys,F_otand se_,_ r

T I.IIL-W-8939 Welding,resistance,electroniccircult n_dules

- I_IL-W-2275g Wire,electric,fluorocarboninsulated,copp_.ror

- copperalloy

• I.IIL-W-81381 Wire, polyimideinsulated,copperor copperalloy

I-IIL-W-5088 Wiring,aerospacevehicle
i" =

;4IL-STD-I29F Markingfor shipmentand storage
o

NIL-STD-130D Ldentificationmarkingof U. S. militaryoroperty

: I41L-STD-143 Specificationand Standards,Orderof Precedencefur

• selectionof

-- ;.IIL-STL)-454 Standard,generalrequirementsfor electronicequipment

. (Requirement5) (Soldering)

. ._IIL-STD-461A Electromagneticinterferencecl_racteristicsreq

for equipment

;41L-STD-88g DissimiIar metals

MIL-STD-1523 Age-sensitiveelastemericmaterial,age controlsof

NBS HandbookH28 Screwthreadstandardsfor federalservice

"" a_ASA

" SL-E-O002 Electr_nagnetic interferencecharacteristics requirements

-- for equipmentfor SpaceShuttle

SN-C-OOO5 Contaminationcontrolrequirementsfor ti_eSpaceShuttle

_ Program

SP-R-OO22A Vacuumstabilityrequirementsof polymericmaterialfor

Spacecraftapplication,generalspecificationfor

_.LSFC-SPEC-222A Resinsystems,electricaland environn_ntalinsulation

MSFC-SPEC-52;_A Designcriteriafor controllingstresscorrosioncracking

3.0 REQUIREMENTS

3.1 ItemDefinition

_" The gimbalassemblyshallbe an electromechanicaldevice-_,i_icnprovides2 axis

- positioningof a largesolararray. One axis, referredto as the Alphaaxis
.!
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will havecontinuousrotationcapability.Tne otheraxis,referredto as the ._

Betaaxiswill havea totalof 90° rotation. Electricalpowercircuitsand --

signalcircuitsmust be transferredacrossbothaxes. One sideof the gimbal ._

ass_.T.blywill be structurallyattachedto the solararraystructure,the other

sidewill be attachedto a grapplefixture. Ouringoperationthe grapple

fixturewill be attachedto the end effectorof the RMS. The controlof the

gimbalassemblywillutilizea closed-looppositioncontrolservo systen.

3.1.1 InterfaceDeFinition

3.1.1.I 14echanical

The gimbalassemblymounting,axeslocationand envelopeshallbe in accordance

with figure1.

3.1.I.2 Electrical

The gimbalassemblyelectricalinterfaceshallbe in accordancewith figure2.

3.1.2 Gimba_____lAss_,PowerRequirements

The actuatorsfor the Alphaand Betaaxis driveshallutilizeD.C.powerfrom

the orbiterbuss. The voltagerange is 18 to 32 VDC. The actuatorspower

drain shallnet exceed50 watts steadystate.forbothactuatorsoperating

simultaneouslyand includingpositionfeedbacktransducersexcitation.With

bothactuatorsat stallthe powerdrainshallnot exceedI00watts.

3.2 Design

3.2.1 A.IphaAxisDrivePerformance

3.2.1.1 StallTorque ...........

T;,estalltorqueof the Alphaaxisdriveshall be 100 ft poundsminimum,150 ft

....Poundsmaximum,in bothrotationaldirections--at32 volts.

- 3.2.1.2 Rate ....

The rate of theAlphaaxisdrive shallbe 0.50 per secondminimumat 32 volts

; with no externallyappliedtorqueload. The speed-torquerelationshipshallbe

linearwithin+ 10% betweenstalland full rate.

3.2.1.3 FeedbackPositionTransducer

The feedbackpositiontransducermay be eitheranalogor digital. Tilea

accuracy,or resolution,of the transducershallresolvethe truepositionof

thegimbalwitninl.0°.
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"_ 3.2.1.4 Travel

ll_eAlpha axis si_allhave continuous rotation capability in either direction.
!
•_ 3._..2 Beta Axis Drive Performance

T 3.?.2.1 Stall Torque

"" The stall torque of tzle Beta axis drive s;lallbe ICJ ft. pounds minimum,

_- 150 ft pounds maximum, in both rotational directio{,sst 32 volts, i:

" 3.2.2.2 Rate "_

_.- The rate of the Beta axis drive shall be 0.50 per seco,ldminimum at 32 volts

. v_ithno externally applied torque load. Tilespeed-toiY_:'urelationship shall

be linear wii_hin+ 10% be_een stall and full rate.

I
-- 3.2.2.3 Feedback Position Transducer ._

The feedback position transducermay be either analog or digital. The accuracy° .

i
or resolutionof the trallsducershall resolve the true position of the gimDal :'

withlr,l.O° .

I 3.2.2.4 Travel

The travel of tileBeta axis drive shall be 900 minimum 920 maximum tiletravel i

shall be li_.,itedby mecilanicalstops iloli_It switches shall be used t." i
l

interupt pov;erto the actuator motor, t

_ 3.2.3 Life Requirements !

The gimbal assembly shall be designed to provide the most cost effective life _;

: capability, consideringminimum maintenance and refurbishmentas well as state-

of-the-art design. Upon completion of trade studies by the seller to establish

- the relationshipbetween these evaluation iteas, the following life objectives

will be changed to requirements.

_" 3.2.3.1 Operat.n_ Life

As a design objective the gimbal a:sembly shall be capable of meeting the

-- performance specified herein after operating for a period of 33,600 hours.

This time is equivalent to lO0 o_ital missions in a lO year peria_. Fhe

.. average orbital mission will be 14 days• Preventive mainterance, servicino

:. re_air, and replacementof parts shall be consistentwith the sellecs trade

study results.

3.2.3.2 Shelf Life

As a design objective, the gimbal assembly shall be capable of operating in

i
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accordance with the requirementsspecified herein ,_nytime within a period of

10 years from date of delivery when exposed to tileappllcable environmentals

of paragraph 3.3.

3.2.4 Weightt

The gimbal assemuly weight shall be less than 40 pounds.

3.2.5 Gearing

The gearing required to produce the gimbal torque and motion requirements

must be internal, perma_entiy lubricated and sealed to prevent lubricant

• leakage excerna11_. ReluLricationwill not be accomplished during the service

life of the actuator.

3.2.6 Bearings

Tim gimbal assembly bearings shall be selected on the basis of operation at the

maximum load and temperatureconditions during vacuum operation. The bearings

shall be permanently lubricated. Relubricatlonwill not be accomplishedduring

the service llfe of the actuator.

3.2.7 Attachments

All mechanical attachmentsshall be secured by suitable means to prevent

loosening in the vibration environment of Paragraph 3.4.3. Standard parts shall

be used whenever they are suitable for the purpose. The materials shall be

corrosion resistant of suitably processed to resist corrosion. Because of the

susceptiabilityto hydrogen embrittlement,the use of the cadmium plated steel -

attach hardware shall be avoided where possible.

3.2.8 Attitude

The gimbal assembly shall be capable of operation in any attitude on the

ground or in a zero g environment.

3.2.9 Selection of Specificationsand Standards

Specificationsand standards for the identificationand control of materials,

parts, and processes of this equipment shall be selected in accordance with

' hIL-STD-143.

3.2.10 Materials and Processes

All materials and processes shall be compatiblewith the performance and environ-

mental criteria for this component. Materials and parts that conform to

Government specificationsshall be used as much as practicable.

222
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I 3.2.10.1 LV.on-i.lagnetjc
ilon-magnetic material shall be used for all metallic parts except where

l magneticpartsare essential.
3.2.10.2 Non-)ie_lllcMaterials

I Insofaras practicable,a non-metallicitemshallbe resistantto lubrication

i materials,environmentaltemperaturesand conditions,and combir,_tionsthereof.
iion-metallicpartsshall._othavea corrosionstimulatingeffecton other

I materialswhenexposedto the specificusefullife. Fungusnutrientmaterials
as definedin paragraph3.3.3.2.2of MIL-T-IS2Bshallnot be used. A listof

all non-metallicmaterialsand theirindividualweightsshallbe providedto

I the buyer.

I 3.7.10.3 LimitedLife ItemsTilebuye_Must be notifiedin writingwheneverage criticalor time/cycle

signific_,titem/material(limitedlifeItems)arecontainedin the gimbal

assembly. Theseitem/materialsmustmeet theminimumservicelifc in Para.

3.2.3and +):e-_uirementsof MIL-STD-1523.The dateof installationand

#_nufactureof age critical.mlterialmust be notedon the shippingpaper.

3.2.10.4 Lubricants

I The use of lu_,_ic_ntsand sealantsshallrequirewrittenbuyer approvalprior
to use.

I 3.2.I0.5 Threads

All threadsshallbe in accordancewith NBS HandbookH28.

I 3.2.10.6 FinishRequirements

Selectionof propersurfacetreatments,finishmaterials,and application

I methodsshallbe governedby the typeof materialused,environmentaland
functionaldesignrequirements,and handlingand storagerequirements,The

J materialsand the processesusedfor theirapplicationshallnot deleteriously
affectthe partsand shallproducesatisfactorycorrosionresistantsurfaces.

I 3.2.10.7 FabricationOperations
Haximumprotectionshallbe afforaedall surfacesof the itemby performing

J all fabricationoperationspracticablepriorto the applicationof protectivefinishes.

I
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3.2.10.8 CorrosionResistantSteel

Corrosionresistantsteelsshallbe passivatedin accordancewith MIL-S-5002.

3.2.10.9 StressCorrosion

A11 metalicpartswithinthe actuatorshallconformto the re.quirementsof -
I

MSFC-SPEC-522A.

3.2.10.10 Outgassing

The gimbalmaterialsshallbe selectedfor low outgassingcharacteristicsto

insurethatany effiuentsdo-notjeopardizeperformanceofother 0rbiter/..........

Payloadsystemso Selectioncriteriashallbe I% totalmass lossand 0.1% ,.

volatilecondensablematerial(VCI.I)as definedin specificationSP-R-O022. _.

3.2.10.11 Dissimilarile_als

Unlesssuitablyprotectedagainstelectrolyticcorrosion,dissimilarmetals,

as definedin i4IL-STD-8889,shall not be used in intimatecontact.

3.2.10.12 Pottingor Encapsulation

For generaluse,pottingorencapsulationmaterialsshallconformto I,LSFC-

SPEC-222,O_ any othersuitablematerialwhich is compatiblewith the specified

environmentsmay be used.

3.2.10.13 ChemicalSurfaceTreatment

Apply chemicalsurfacetreatmentper MIL-A-8625,Type I, Class I, or MIL-C-

5541,Class I, for all aluminumalloyswhichare to be paintedor where

maximumcorrosionprotectionis requiredon surfacesnot to be painted.

Applychemicalsurfacetreatmentoer I,IIL-C-5541,Class 3, for corrosion

resistanceon all aluminumalloysurfaceswhere low electricalresistanceis

_equired.

Standardattachmentpartssuchas rivets,bolts,nutsand washerswhich are

componentpartsof assemblieswhichwill be primedor painteduponcompletion

do not requireprimerprior to assemblyprovidedtheymeet the dissimilar

metalrequirementsof MIL-STD-889.

Paintingis not to be usedunlessthermalanalysisindicatesthe external

surfaces__ the assemblyrequirepaintto obtaina specificsolarabsorption/

surfaceemlssivityratioin order to regulatetemperature.
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i 3.2.11 _intainabiltty

, The gimbal design objective is to operate and meet all performance requirements

). throughoutits lifewithoutmaintenance.The suppliershallconsiderall con-

strainingitemswhichwould requirespecialattentionafter eachmissionor
|

, ! groupof missions{i.e.,lubricantdegr_datlon/depletion,materialdeteriora-
tion,etc.)and recommendfieldtestsand inspections,the resultsof which

would indicatewhetheror not thisdesignobjectivewere beingmet. Should
....the fieldtestsand inspectionsindicaterefu_Ishme_n_tof tlleglmba!is necessaryL

it will be doneaccordingto a maintenanceproceduresubmittedby the supplierand approvedby the buyer. ............... -..................................

( The gimbal(lesignsl,allincorporai:efeaturesto-accommodatemaintenance.

3.2.12 Interchan_eability

! - Thegi_al assembly-andaii replaceabledetailpartswhich are identifiedv_ith

the same partnumber,shallbe physicallyand functionallyinterchangeable.

', 3.2.13 Casting
c

Castingsshallbe in compliancewith the requirementsof MIL-C-6021,Class I,

GradeB.

3.2.14 Brazing

Brazingshallbe conductedin compliancewith lherequlren,entsof MIL-B-7883.

3.2.15 Notors

i The motordesignsshallbe compatiblewith the gimbalassemblyrequirements

specifiedhereinand the requirementsof MIL-M-8609paragraphs3.3, 3.3.I,

, 3.3.2, 3.3.3, 3.4.3, 3.4,3, 3.4.7, 3.4.9.2, 3.4.9.3, 3.5, 3.6, 3.7, 3.8,

3.9,3.10.2, 3.12, exceptas otherwisespecifiedherein.

, 3.2.15.1 I,Io._.tt-Types

Permanentmagnet,motors shall be utl lized.:

3.2.15.2 Wire Routin_ and Protection

The motor designs shall provide for clear unobstructed wire routing. A11 leads

T shall be suitably supported to prevent insulation chafing by adjacent structure
I

. duringa vibrationenvironment.All insulatedleadsshallbe suitablyprotected ;

to preventdamageduringmotorassembly. Sharpedgeson attachmentsor

! structuralparts in closeproximityto wiresare not allowed.
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3.2.15.3 ArmatureBalance -

The armatureof the motorsshallbe dynamicallybalancedto preventvibration -,

l and armaturebearingloadingwhenoperatingat the no-loadspeedwlth 32 +

volts.
m_

3.2.15.4 Armature Assombl_Preload
Axialmotionof the armatureassemblyshallbe controlledthroughthe use of

an axialpreload.

3.2.15.5 Thermal Protection :

No thermal switches shall be incorporated in the design of the gtmbal assy.

The assembly shall be designed to sustain locked rotor current continuously

withoutcausing a firehazard.

3.2.15.6 ElectromagneticInterferenceFilter

The motorswith EMI filtersshallcomplywlth the CEOIand CE03 conducted•

interferencelimitsof MIL-STD-461Aand REO2 radiatedinterferencelimitsand

the TTOI requirementsdefinedin SL-E-O002.All bondingnecessaryto meet

this requirementshallbe accomplishedper MIL-B-5087,Class R. The

componentsused in the filterand testsconductedon the filtershallbe

approvedby the buyer.

3.2.15.7 InsulationResistance

With the Indlvld'Jalmotorwindingsshortedat the connector,the insulation

resistancebetweenthe insulatedpointsand the motorcasewith the motor

stabilizedat +70° +_.20°Fshallnot be lessthan 50 megohmswhen testedwith

75 +5 voltsDC.

3.2.15.8 DielectricStrength

With the individualmotorwindingsshortedat the connectorand the filter

isolated,the dielectricstrengthbetweenthe insulatedpointsand insulated

pointsand the motorcaseshallbe 600 +_60voltsPMS 60 Hz for a minimumof

60 seconds. Leakagecurrentshallnot exceed1.3 mllllamps.

3.2.15.g Bonding

All mechanicalinterfacesIn the glmbalassy,includingelectricalconnectors,

shallbe bondedper MIL-B-5087,ClassR {2.5mllllohmsmaximumper interface).
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I 3.2.15.10 ElectricalConnections
All electricalconnectionswithinthe motor shallbe brazed,weldedor

l mechanicallyattached. Soft soldershallnot be usedunlessotherwiseapproved by the buyer. L

I 3.2.16 Slip Assembly
Ring (spA)

The gimbalassemblyshallincludea slipringassemblyor equivalentto

I transfersolararraypowerand commandand instrumentationsacrossthe
continuouslyrotatingalphaarls.

I 3.2.16.1 ElectricalRequirements

Electricaland electronicpartsand materialsselectedshallbe usedwithin

1 'theirelectricalratingsand environmentalcapabilities.Oeratingshallbe

accomplished,as necessary,to assurethe requiredequipmentreliability

withinthe specifiedoperatingconditions.Unlessotherwisespecified,theSRA shallmeet the followingelectricalrequirementsunderany combinationof

i operationalenvironmentsspecifiedherein.
3.2.16.2 Circuits

I The SPA shallconsistof 36 totalcircuitsor rings. The types,capacities
and quantitiesof the circuitsare as follows.

RingNo. Type Current Function Voltage1-12 I 60 amps,max Solararraypower 90 to 240

13-32 II 1 ma to I00 ma Signaland instrumentation 0 to 32

33-36 Ill lO ampsmax Actuatorpower 18 to 32

All circuitssha;lbe designedfor continuousoperationwith the maximum

currentspecifled.

. 3.2.16.3 RotationalSpeed

The SPA will be designedfor rotationin both directionsand shallmeet the

performancespecifiedhereinwith rotationalspeedsfrom0 to the maximum

of t,le actuator.
rate alphagimbal

3.2.16.4 DielectricStrength.The SPA shallbe designedto withstandat least500 voltsRMS, 60 Hz, applied

for a minimumof one minutebetweeneach contactand everyother contactof

othernoncommonrings,and betweeneachcontactand the SPA shaft,housing

and connectorcaseexcludinggroundedcontacts. "/hereshall be no evidence

!
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-I
of arcing,flashover,breakdown,nor any leakagecurrentin excessof 50 i

)mlcroamperes. .,
i

3.2.16.5 InsulationResistance

The insulationresistancebetweenany contactand everyother noncommon ""

contact,and betweenany contactand the SRA shaft,housing,and connector --

caseexcluding grounded contacts shall be 50 megohmsminimumat 500_10 VDC. .. /)_
Insulationresistanceshallbe one megohmminimumat I00 +_.lOVDC duringand -- I

l
immediatelyaft, exposureto relativehumidityequalto or greaterthan ._ !

98%. Voltageshallbe applieduninterruptedfor up to one minute.

3.2.16.6 Crosstalk "

t Duringany combinationof voltage,current,rot_tlonaispeedsand environ- -.

ments specifiedherein,the crosstalkinducedintoany Type II circuitfrom ..

any otherSRA circuitshallbe attenuatedat least30 dB _th a termination

loadof 5000ohms at 20 Hz to 20 KHz.

3.2.16.7 ImpedanceNoise -"

Equivalentelectricalpeakta peak impedancenoiseof any SRA circuitsshall °.

not exceedlO mllliohmsper circuitpairduringany combinationof voltage,

current,rotationalspeedsand environmentsspecifiedherein. ..

3.2.16.8 Voltage Drop -"

At zero to .5°/sec rotational speed the end to end (connector contact to

connector contact) circuit voltage drop shall be as follows. -.

Type Current Max Voltage Drop

I lO to 60 amps 200 MV

II l ma to lO0ma l.O MV

III Ib amps lO0 MV
. .

3.2.16.g Deratlnq

The SRA wiringshall'beselectedaccordingto MIL-W-5088for the electrical ..

and environmentalrequirementsof thisspecificationsuch that the rated

maximumconductortemperatureis not exceededfor any combinationof

electricalloading,ambienttemperature,and heatingeffectsof bundles,
-L

conduitand otherenclosures.Factorsto be consideredin the selectionare

voltage,current,ambienttemperature,mechanicalstrength,abrasion, "
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l flexureand pressure-altituderequirements.The SRA electricalcomponents,lesswiring,shallbe designedwith a minimumderatlngfactorof 50%.

l 3.2.16.10 Continuity
At speedsrangingfrom0 to .5°/seccumulativeelectricaldiscontinuityof any

I circuitshallnot exceedonemicrosecondwithinany I00 millisecondperiod.

3.2.16.11

I The SRA wiringshallbe selectedaccordingto the electricaland environmental
requirementsof thisspec_i_catton,and shallconformto eitherMIL-W-2275g/9/

I 10/11or MIL-W_81381/7/8/g/10.Cabledesignshallconformto MIL-C-27500.

3.2.16.12 Soldering

I Solderingshallbe in accordancewith MIL-STD-454,Require_nt 5. Solder
shallbe in accordancewithQQ-S-571. Solventsusedfor cleaningand flux

I removalshallbe of hishpuritygrade,non-conductive,non-corrosive,and
shallnot degradethe reliabilityof the solderedconnectionof adjacent

I partsor materials. Eachsolderedconnectionshallexhibita brightshinyappearance,no porosity,goodadherence,and no excessfluxor solderwhen

visuallyexaminedunderdirectlightat five powermagnification.

| i
3.2.16.13 Welding I

I Resistanceweldingshallbe conductedin c(wnpliancewith the requirementsof :
MIL-W-8939for electricalwelds,and MIL-W-6858,ClassA, for mechanical :

i welds. f
3.2.17 Gimb_lAssy DynamicPerformance

I Witheitherthe Alphaor Betaaxes attachedto an inertialoadof 1650slug-ft2
(aboutthe gimbalaxis),the open-loopgimbalrate shallreach0.5 deg/sec

I withinthe periodS to I0 secondsfollowingan inputvoltageof 18 volts. The
open loopgimbaldesignshallnot precludethe capabilityto operatesmoeth]_

at low rates(0.01to O.l deg/sec)when used in a closedloopmannerwith an

I angularpositionsensorresolutionof I degree.

I 3.3 OperatingEnvironments
The gimbalassyshallbe capableof meetingthe requirementsof Paragraph3.0

of thisspecificationduringand afterexposureto the followingenvironments.
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3.3.1 T.emperature -:

, The ambtent temperature range for gtmbal assy ground operation is O°F to "'

llO°F. The in-orbit operational temperatures w111 be dependenton the design --

of the gtmb_l ass_lyo Whendetermining these extremes analytically, the ,_

supplier shall use the following data:

_ Environmental Parameter Design Value •

Solar radiation 443.7 htu/ft2/hr ""

v Earth albedo 30I

Earthradiation 77 btu/ft2/hr ""

Space sink temperature 0° Ranktn "_
_a

3.3.2 Vacuum

The gtmbal assy shall be capable of meeting the requirements of this

specificationduringand followingexposureto a vacuumof 1 x 10.7 Tort.

3.3.3 Humldtt@
During ground testing, the gtmbal assy shall be capable of performing

continuouslyin a relativehumidityof 30 to g_.

23O
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3.4 Non-operatingEnvironments

_ The gimbalassy shallbe capable of meetingthe requirementsof this• _,

specificationafterexposureto any combinationof the followingnon-operating

environments. ,,.-

3.4.1 Acceleration

The gimbalassyshallwithstand+.6_.25g's in bothdirectionsin the axis

perpendicularto themountingplaneand in _ach of the twomutuallyperpendi- "

cular axes.

} 3.4.2 Shock
The gimbalassy shallbe subjectedto two t)anslentexcitationsw_tn shock

responsespectrumsas shown in Figure3 in _achof the threemutually _

) perpendicularaxes.
-

3 4.3 Vibration
i

a. RandomVibration- QuAlification

, The unitshallbe subjectedto the followinglevelsin each of the

£hreemutuallyperpendicularaxesfor 400 secondsper axis.

Frequency(HT_ Level _o.
10-100 0.014G2/Hz

100-440 +4 db/octave

G2440-2000 0.1 /Hz _:
G_ins- 13.2

b. RandomVibration - Acceptance

The unit shall be subjected to the following levels in each of the

threemutuallyperpendicularaxes for 120 secondsper axis.

FrequencY(Hz] Level

10-100 0.003_ _2/Hz

100-440 +4 db/octave

440-2000 0.025G2/Hz

i GFmS- 6.6

. 3.4.4 Transportation Shock
,o

Equipmentpackedin the mannerintendedfor shipmentshallbe qualifiedto

the followingshocktests: one Oropon each fiat face,edge and corne_(26

dropS)from a heightof 30 inches. The testsshallhe non-operational.
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3.4.5 BenchHandllng Shock .T

This lest Is conducted to determine the abllity of unpackagedequipment to

withstandthe shocken_,ounteredduringservicing.Usingone edgeas a -.

pivot,tiltthe oppositeedgeof the assemblyuntil the horizontalaxis

formsan angleof 45° wlththe table,or the oppositeedgeIs four inches

abuve the table, whichever occurs First, and permit the assembly to drop ._

freely to the horizontal. Repeat, using other practicable edges of the

samehorizontal face as pivots, for a total of four drops. This process ¼1
sh._ll be repeated for each face on which the equipmentcould be placed

practicably during servicing. The tests shall be non-operational. "t

3.4.6 Storage

The assemblyshall be designed for storage life, not to exceed 1:heuseful --i

life period, In non-envlronmentally _ontro!led bulldlngs having the

fol1owingcharacterlstics: I

Temperature- -65°Fto 'P�Œ���""

Relatlvehumidity- 10% to 100%

Salt- 5 x 10.7 g/cm2/dayfoI1out

100 microncoat/day

Fungus- rapid growth './hentemperature is greater than 68°F and

relatlvehumidityIs greaterthan75%

3.5 Cleanin!]

All part.;shallbe processedin accordancewith SpecificatiunSN-C-O005,

TableI, LevelVC (vlsiblyclean).

3.6 ProtectiveTreatment

Materialsthacare subjectto deteriorationwhen exposedto ¢11matlcand

environmental conditions ltkely to occur tn service shall be protected

againstsuchdeteriorationin a mannerthatw111 in no way prevent

compliancewith the performancerequirementsof thisspecification.Protec-

tivecoatingsthatwlll chip,crack,or scalewlth age or in the extremeof

climaticand environmentalconditionsspecifiedhereinshallnot be used. r .

3.7 Interchangeabl]Ity

The itemand all replaceablede,allparts,identifiedwith the same part -.

number,shallbe physicallyand functionallyinterchangeableby the use of

dimensionsand tolera,ces.

)
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3.8 Workmanship
; Those aspects of a product which _ not be specifically controlled by

requirementssuchas cleanliness,attachment,wire routin_,torque,a11gn-

. ment, finish,etc.,and wnlchdirectlyaffectthe product'sappearance,

orderliness,and neatnessof assembly,or productionuniformityare defined

i as characteristicsof worbnanshlp.The suppliershallestablishdocumented

standardsof acceptancefor suchcharacteristicsand shallapply those

; standardsas criteriaIn determiningthe acceptabilityof the product.

"" Workmanshipstandardsshallnot be in conflictwlth requirementsset forth

in the engineeringdrawingsor the purchasedocumentand shallnot be used

- as an instrumentto alter the designof the productor to circumventthe -

. needto upgradeor reviseengineeringrequirements. .

3.9 Identification

.. 3.9.1 IdentificationPlate- Nomenclature

Identifythe gimbalassypermanentlyper MIL-STD-130usingelectro-etch

" methods. The identificationshalldepict,but not be lln,ltedto, the "

followinginformation-

Nomenclature: gimbaiassy (FitCrt Item)

Mfr: (suppliercode identificationno.)

PartNo.: TBD

SupplIer PartNo.: TBD

SerialNo.: ,,

Dateof Mfr:
Contract:

3.9.2 Serialization

Eachgimbalassyshallhavea differentserialnumber. Seriallzationshall

be accomplishedwithoutreferenceto configurations.(Thereshallbe no

two partswith the samebasicpartnumberwlth the sameserialnumber.)

GapsIn serialnumbersequenceare pemlssible,but the serlalnumbermust

conformto the orderof production.The serialnun_aershallnot be revised

afteroncebeingassignedto a particularitem.
J

3.lO Reliablllty

; The glmbalassy is designatedas a FlightCriticalItem (FCI)and as such

shallconformto the governmentand Industryaccepteddesignpracticesof '
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analysis_ :s controland deratlngfor achievinga highreliability "'

product. The gl_al assemblyshallprovidefor reliableoperationin any "'

modeor combinationof modesand underany naturalcombinationof loads

and environmentalconditionsspecifiedherein. Successfulcompletionof the .,

testinghereinshallnot relievethe suppllerof the responsibilityfor _.

complianceof productionunitswith specifiedreliabilityand performance .;

requirementsduringany subsequenttestingor serviceusagewithinthe

limitationsspecifiedherein.
_O

4.0 QUALITYASSURANCEPROVISIONS -.

4.l Requirements/VerificationMatrix

The abilityof _egi_al to meet the requirementsof Section3:0 of this "

specificationshallbe verifiedaccordingto the R_ulremenl_/Verlfluatlon -"

Matrix. The RequirementsVerificationHatr!xIs to be completedby the

bidderas partof the proposedtestplan. .

4.2 BuyerTests

The buyerreservesthe rightto repeatany or all tests on the gimbalassembly.

4.3 Oeslgn.Changes

No changesof any kindshallbe made to any portionof the glmbalass)by

the manufacturerafterreceiptof buyerengln_rlng approvalof manufacturer's

detaildesigndrawingsunlessfcrm_lauthorizationhas beengrantedby buyer

engineering.All requestsfor changesshallbe submittedby the manufacturer

in wrltlngand accompaniedby adequateevidencethatthe changewill not

adverselyaffectthe performanceof the unit. At the optionof buyer

engineering,additionaltestsmay be requiredpriorto approvalof such

changes. If the designchangeIs approved,a new partn_r or modification

designationnumbershallbe assignedto the assembly incorporatingthe

revisionif Interchangeablllt,y Is affected.

S.O PREPARATIONFORDELIVERY

5. l General

Unless otherwise specified, the supplier shall be responsible for the

preservation and packaging of the gtmbal assembly tn a manner that wtll

prevent contamination, corrosion, deterioration, and physical damageand --
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_" ensure safe delivery in goodcondition. -he minimumrequirements for
'P protection from physical damageshall be as defined in 3.4.

I 5.2 Cleaning and Packagtnq
Cleaning and packaging shall be in accordancewith requirements for main-

raining cleanliness specified in Paragraph 2.9 and 2.14 and Table 1,
w_

Level VC, of Specification SN-C-O005.

Individual cleaned gimbai assemblies shall be identified by a suitable tag

label. The label shall be readable without of the
or tag or degradation

preservation means. The tag or label shall contain the following tnfoma-

I tion.
a. Part number

b. Dateof finalcleaning
q

c. Manufacturer'sserialnumber

d. "FlightCriticalItem"
T
imr

5.3.1 Markingfor Delivery

:T Each individualcontainershallbe durablyand legiblymarkedor labeled
- per MIL-STD-IZ9with the follo_ingminimuminformation;the labelshallbe

- so placedthat it is not destroyedby openingthe container:
i

Supplierpartnumber

Suppliername

Partserialnumber

MDAC-HBpurchaseordernumber

T MDAC-HBpartnumber
* "FlightCriticalItem"

t

Cratedpartsshallbe labeledto indicatewhichsidewould be openedfor :

InspecLlonand shallnotethe locationof the packingslip.

t 6.0 NOTES

t 6.1 ApprovedSource
MDAC-HunttngtonBeach Supplter Supplter

i SpecificationControlNo. PartNumber SupplierName & Address Code1BXXXXX TBD TBD TBD

T
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6.2 Definitions
_b

G Accelerationdue to gravity

• l
db Decibel "_

°F Degrees Fahrenheit
1

Hz Hertz, cycles per second

MDAC-HB McDonnellDouglasAstronautcts Co.-Huntington Beach
ms Millisecond

ms Root meansquare
wl

Temperature The stageat whichtemperaturechangeis at a rate

no greaterthan l°F/mtn.

Stabilization Rateno greaterthanl°F/mln. +"

(TBD) To be determined. --

Ambient Atmospherepressureof 30 +_2inchesof mercury. .

Condition Temperatureof 70 +25°Fand relativehumidityof

90% of less.

6.2.1 StandardVerification/TestTypes

The standardverificatlon/testtypesand theirbasicobjectivesare.

a. Development- Conductedto formulatea designto meet performance

requirements,definedesignrequirements,to determinefeasibillty

of a designor concept,or to evaluatehardwareperformance.

(Normallyconductedonlyon theminimumnumberof unitsnecessary

to obtainthe desireddevelopmentinformation.)

b. qualification- Conductedon an itemrepresentativeof a production

unitto verifythatthe releaseddesignand productionmethods

resultin a productthatmeet performanceand designrequirements

establishedby contract,specificationand/orengineeringdrawing.

(Normallyconducted on onlyone unit.)

c. Acceptance- Conductedto measurethe productperformance

characteristicsand to verifyconformanceto selecteddesign

requirementsas a basisfor acceptance.(Normallyconductedon +

each itemto confirmacceptability,exceptwhereminimumlot

samplingis specified.) ,
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i d. OperationalTest- Functlonallyoperatingthe itemto verifythatperformancerequirementshavebeenmet,or performingan operation

on the Item (e.g.,corrosion,fatigue,or strengthtests)to

I verifydesignrequirements.

e. Slmilarlt_- Verificationby evaluationof analyticalor testdata

I froman analyslsor test programfor an itemwhich is sufflclently
eg

slmilarto the requireditemforthe data to be valid. The data 0

I must showthat the itemusedon a basisfor verificationhas
satisfiedequivalentor more stringentrequirements.SimiIarity

is not ._hownas a drawingrequirement,but is negotiateds_parately

to satisfyspecificrequirements.

I 6.3 Recordingof SerialNumbers
This is a "FlightCritlca1"item. A recordof the serialnumbershallbe

maintained.

I

l

l

l

m

l

l i

237

I

1979025068-241





[ ..... tREOUIREMENTS/VER! FICATION MATRIX
...... m

v..,,cATi_nlsr _,,vt,. VERIFICATIO.IAS_r_I".m06--"----_",_C_T,(_N8';S,_,,._RIn'

_. .ev - or_u_,u_ _,.- AN.L_o_. - OUAUFIC.TION ,_ - ,.S,,S_ON
E,,"- t._-,:nvE._U om - DE"O_'"ATION
*.CO-- _,'r..__ on"- O_RA_ON.L_'r

SUPPLJER AS PAR'r OF BID
ANALYSIS. (TER MAY lie
USeD ONLY ON BID
ANALYSIS RELEASE)

F ,|N -- NO REQUIREMENTS IN THIS NA -- NO ADDITIONAL VERIFICATIONPARAGRAPH TO lie VERIFIED DETAILS REQUIRED
Ill' ""

VERIFICATION
SECTION 3

" REQUI REMENTS VERI FICATIONI VERI FICATIONi SECTION ,$ VERI FICATION
PARAGRAPH NR rr.s'r LEVELS ASSES_BEENTMmOO VERIFICATION PARAGRAPH BY

';' (_=V OAL EFF ACC ANI. "llk_ :DEM O/'1" 'rBR NA SIMII..ARITY
i i

i

To be _Oml_eted b_ sup)lle"as par' of DT& pl,,n.

(-
I

il,

-

°

8 .

)

SIZE CODE IDENT NO. DRAWING NO.

i. A 18355
* SCALE REV SHEET
:-_ ,m

"- 239

- -- 7.T_ ,'t -- ii ..... i_#

1979025068-243



•_ 240

' - 979025068 2441 -



: FREQUENCY(HZ)

FIGURE3

i
I
!
!

241

•_ _. __ '," --= ...... :_-:__

1979025068-245


